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PREFACE 
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For  additional  details,  the  reader  may  wish  to  consult  the  following: 

1.  Data  Report  — "Procedural  Turn  Anticipation  Techniques,  Experiment 
No.  2,  GAT-2A,  Phase  I — On-course  Tracking,"  July  1977. 

2.  Data  Report  --"Procedural  Turn  Anticipation  Techniques,  Experiment 
No.  2,  GAT-2A,  Phase  II — Preliminary  Offset  Tracking  Procedures,"  November 
1977. 

3.  Interim  Report  --  "Procedural  Turn  Anticipation  Techniques,  Experiment 
No.  2,  GAT-2A,  Phase  III — Offset  Tracking  Procedures — 2-  and  4-nmi  Offsets," 
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BACKGROUND. 

This  activity  is  one  of  several  projects  conducted  by  the  Federal  Aviation 
Administration  (FAA)  in  order  to  assist  in  the  orderly  introduction  of 
Area  Navigation  (RNAV)  into  the  National  Airspace  System  (NAS).  This  final 
report  summarizes  and  analyzes  the  data  from  three  separate  experiments 
which  were  conducted  to  investigate  turn  anticipation  procedures.  This 
three-phased  activity  was  conducted  at  the  FAA's  National  Aviation  Facilities 
Experimental  Center's  (NAFEC)  Cockpit  Simulation  Facility  between  May  and 
November  of  1977.  The  first  phase  examined  turn  techniques  while  operating 
on  course.  Phase  II  investigated  various  offset  tracking  procedures  while 
phase  III  was  conducted  to  expand  the  offset  tracking  data  base. 

PURPOSE. 

The  purpose  of  phase  I of  this  experiment  was  to  obtain  pilot  tracking  data 
on  three  RNAV  procedural  turn  anticipation  techniques  using  the  General 
Aviation  Trainer  (GAT)-2A  equipped  with  a King  (KNC-610)  single-waypoint 
analog  RNAV  unit.  Since  Federal  Air  Regulations  (FAR's)  require  that  pilots 
be  able  to  execute  turns  within  the  protected  airspace  at  airway  inter- 
sections, techniques  for  anticipating  and  executing  turns  were  evaluated 
during  this  phase.  All  data  were  collected  while  navigating  oncourse  (i.e., 
with  no  offset).  Phase  I provided  baseline  data  for  three  turn  anticipation 
techniques  which  formed  the  basis  for  selecting  one  technique  for  measuring 
offset  tracking  performance  during  the  follow-on  activities. 

The  purposes  of  phase  II  were:  (1)  to  develop  and  test  a specific  logic  to 
determine  when  to  set  the  Omni  Bearing  Selector  (OBS)  during  offset  tracking, 

(2)  to  evaluate  the  feasibility  of  using  pilot  judgment  of  Course  Deviation 
Indicator  (CDI)  distance  (and/or  rate  of  movement)  to  transition  from  segment 
to  segment  while  maintaining  a desired  offset,  and  (3)  to  determine  the  feasi- 
bility of  using  computed  values  of  Distance  to  Waypoint  (DTW)  distances  cal- 
culated on  the  basis  of  true  airspeed  (TAS)  and  the  turn's  magnitude  for  turn 
anticipation.  Tables  were  constructed  using  an  algorithm  which  has  the 
capability  to  be  implemented  as  an  automated  turn  anticipation  technique. 

. ie  purpose  of  phase  III  was  to  expand  the  data  base  for  offset  tracking 
which  was  begun  in  phase  II  and  to  evaluate  the  use  of  a noncentered  CDI 
needle  to  fly  to  and  maintain  2-and  4-nautical  mile  (nmi)  offsets  in  a terminal 
as  environment.  Prior  to  collecting  data,  it  was  necessary  to  develop  a 
technique  to  permit  transition  from  an  offset  course  to  a final  approach  course. 


DESCRIPTION  OF  EQUIPMENT 


COCKPIT  SIMULATOR. 


All  testing  was  done  using  the  Singer-Link  GAT-2A/Xerox  XDS-530A  computer 
facility  which  represented  a twin-engine,  general  aviation  aircraft 
(figure  1) . This  facility  and  equipment  were  the  same  as  those  used  in 
experiment  No.  1 of  this  series  which  is  described  in  FAA  Report  No.  FAA- 
RD-78-27  (reference  1).  For  these  tests,  the  GAT-2A  was  equipped  with 
conventional  instruments,  dual  Navigation/Communication  (NAV/COM) , King 
KNC-610  RNAV  computer,  and  a standard  CDI.  Figure  2 shows  how  this  equipment 
was  installed  in  the  GAT-2A.  Figure  3 is  a closeup  view  of  the  KNC-610 
control  head  while  figure  4 depicts  the  CDI  instrument  and  shows  a 4-nmi 
right  offset. 

RNAV  SYSTEM. 

The  RNAV  system  used  in  these  tests  was  a single-waypoint,  station-oriented 
computer  which,  in  effect,  moved  the  very  high  frequency  omnirange  (VOR) 
position  to  a phantom  location  called  a "waypoint."  The  desired  course  to 
the  waypoint  was  set  with  the  OBS  control  knob  on  the  CDI  as  is  done  in 
conventional  VOR  navigation.  A corresponding  course  error  signal  was  then 
shown  on  the  CD I.  The  magnitude  of  the  deviation  was  represented  in  miles 
rather  than  degrees  (°)  as  is  the  case  with  conventional  VOR  system. 

The  CDI  needle  used  in  these  tests  moved  through  a range  of  +5  dots 
(+5/8  inch).  When  operating  in  the  en  route  ("RNAV")  mode,  the  distance 
between  each  dot  (1/8  inch)  represented  1 mile  of  course  deviation.  In 
the  approach  ("APPR")  mode,  each  dot  was  equal  to  1/4  mile.  A sine/cosine 
resolution  potentiometer  was  incorporated  into  the  CDI  which  permitted  the 
accurate  measurement  of  the  OBS  settings  made  by  the  pilots.  Aircraft  DTW 
was  displayed  directly  on  the  RNAV  unit.  Waypoint  selection  was  accomplished 
by  tuning  the  number  2 NAV  unit  to  the  proper  VOR  frequency  and  entering 
the  proper  range  (rho)  and  bearing' (theta)  for  the  desired  waypoint  through 
the  RNAV  control  head.  The  GAT-2A,  RNAV  computer,  flight  instruments,  and 
XDS-530A  computer  were  interfaced  as  shown  in  figure  5. 

DATA  COLLECTION  SYSTEM. 


The  Xerox  XDS-530A  computer  (figure  6)  software  interfaced  with  the  GAT-2A 
cockpit  simulator  and  read  into  computer  memory  analog  and  digital  signals 
using  analog-to-digital  (A/D)  conversion  equipment  and  direct  input/output. 
(DIO)  equipment.  The  data  were  collected  on  magnetic  tape  with  a l-second 
clock  interrupt  used  to  control  system  timing.  The  format  on  the  data 
collection  tape  consisted  of  a header  record  at  the  beginning  of  the  tape 
and  sequential  data  records,  one  record  for  each  second  of  simulation  run 
time.  Both  record  types  were  180  words  in  length.  The  header  record  was 
created  from  card  input  at  the  beginning  of  each  run  in  order  to  identify 
the  data  at  reduction  time. 


2 


FIGURE  2 


KNC-610  RNAV  UNIT  INSTALLED  IN  A GAT-2A  SIMULATOR 
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FIGURE  5.  GAT -2A/ KING  RNAV/XDS-53QA  COMPUTER  INTERFACE  DIAGRAM 
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XDS-530A  COMPUTER 


Each  data  item  within  a record  was  represented  by  a 16-bit,  fixed-point  word 
recorded  from  raw-form  analog  and  digital  voltages  as  acquired  from  the 
GAT-2A  interfaces. 

PHASE  I METHOD  OF  APPROACH  (PROCEDURAL  TURN  ANTICIPATION  TECHNIQUES  FOR 
ONCOURSE  TRACKING 


OBJECTIVE. 


The  objective  of  phase  I of  this  activity  was  to  collect  baseline 
data  on  three  turn  anticipation  techniques  and  to  select  one  which  could 
be  used  to  measure  offset  tracking  performance  during  phase  II. 

Data  was  collected  on  pilots  flying  a specific  route  using  the  following 
three  procedural  turn  anticipation  techniques. 

FAA  ADVISORY  CIRCULAR  (AC)  90-45A  TECHNIQUE.  The  pilots  were  expected  to 
"lead"  their  turns  by  approximately  1 mile  for  each  100  knots  of  true 
airspeed.  The  pilots  were  required  to  use  the  DTW  display  on  the  King  RNAV 
unit  for  determining  the  actual  turn  start  point. 

UNIVERSITY  OF  ILLINOIS/CHAMPLAIN  TECHNOLOGY  INDUSTRIES  (UI/CTI)  TECHNIQUE. 

This  technique  is  outlined  in  FAA  Report  No.  FAA-RD-76-99,  "Simulator  Tests 
of  Pilot  Performance  in  Terminal  Area  Navigation  Operations:  Effects  of 
Various  Airborne  System  Characteristics."  This  method  required  pilots  to 
monitor  the  DTW  until  the  2-nmi  point.  At  this  time,  the  pilots  were 
expected  to  set  the  OBS  to  the  next  course.  Once  the  OBS  had  been  set,  the 
airspeed  of  the  aircraft  determined  the  rate  at  which  the  CDI  needle  returned 
to  center.  The  pilots  were  required  to  use  their  judgment  (based  on  the 
rate  of  CDI  movement)  to  initiate  their  turns.  As  the  aircraft  was  turned 
onto  the  next  course,  the  pilots  were  required  to  follow  the  needle  until 
it  centered. 

NAFEC  TECHNIQUE.  In  order  to  try  this  method  of  turn  anticipation,  the 
pilots  were  required  to  monitor  airspeed,  DTW,  and  CDI.  The  following 
steps  were  involved: 

1.  Calculate  TAS  and  compute  the  CDI  distance  at  which  the  turn  should 
be  initiated.  In  order  to  calculate  the  desired  distance,  the  following 
logic  was  used. 

a.  Use  0.5  nmi  for  each  100  knots  of  TAS  for  turns  of  approximately 

90°. 

b.  For  turns  of  approximately  60°  or  less,  use  0.25  nmi  for  each 
100  knots  of  TAS. 

c.  For  turns  of  approximately  120°,  use  0.75  nmi  for  each 
100  knots  of  TAS. 
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2.  Set  the  OBS  for  the  next  course  at  a distance  between  2 to  3 nml 
(DTW)  prior  to  the  waypoint. 

3.  Initiate  turn  at  the  computed  CDI  distance. 

ROUTE  STRUCTURE. 

All  RNAV  data  flights  were  flown  using  the  route  B1  configuration  presented 
in  figure  7.  Route  B1  provided  a Standard  Instrument  Departure  (SID),  a 
route  leg  to  transition  to  a Standard  Terminal  Arrival  Route  (STAR),  and  an 
RNAV  approach  procedure  to  runway  4 at  Atlantic  City  (ACY) , New  Jersey.  The 
route  B1  configuration  has  been  used  in  previous  simulation  and  flight  tests 
conducted  at  NAFEC  and  at  the  University  of  Illinois  for  RNAV  baseline 
studies.  The  data  obtained  from  flying  this  route  can  be  correlated  with  the 
data  obtained  from  a similar  study  conducted  at  the  University  of  Illinois 
(reference  2). 

EXPERIMENTAL  DESIGN. 


The  experimental  design  used  for  phase  I of  this  experiment  was  based  on  the 
premise  that  the  three  different  turn  anticipation  techniques  could  be 
evaluated  by  assigning  each  of  the  techniques  to  a separate  group  of  subjects. 
Assignments  were  made  in  this  manner  in  order  to  minimize  the  confusion 
resulting  from  an  individual  having  to  learn  more  than  one  turn  anticipation 
technique.  Therefore,  the  18  subjects  were  divided  into  three  groups  of  six. 
Each  group  was  assigned  to  perform  only  one  of  the  three  turn  anticipation 
techniques. 

SUBJECTS . 

Subjects  for  this  experiment  were  chosen  from  instrument-rated  pilots 
available  at  NAFEC.  The  18  pilots  who  participated  ranged  in  flight 
experience  from  350  to  7,400  total  hours.  The  subject  pilots'  experience 
with  the  GAT-2  ranged  from  0 to  100  hours.  Table  1 presents  the  flight 
experience  in  hours  for  the  pilot  subjects. 

EXPERIMENTAL  PROCEDURES. 


All  pilots  were  given  written  and  oral  instructions  regarding  experimental 
objectives,  use  of  the  navigation  equipment,  and  specific  flight  task 
requirements.  The  instructions  stressed  adherence  to  specific  airspeeds 
which  were  designated  for  climb,  cruise,  and  final  approach.  In  addition, 
the  route  geometry  was  discussed  and  route  charts  and  approach  plates  were 
given  to  the  pilots.  The  specific  turn  anticipation  technique  to  be  used 
was  explained  in  detail  and  the  pilots  were  instructed  to  use  the  turn 
anticipation  technique  exactly  as  specified  and  not  to  modify  the  technique 
under  any  circumstance. 
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TABLE  1 


FLIGHT  EXPERIENCE  OF  THE  PILOT  SUBJECTS  (PHASE  I) 


Subject  Previous  Hours 

No*  License  Total  Hours  Instrument  Hours  RNAV  GAT-2 


1 

Comm  Inst/ 
Multi 

1800 

300 

6 

40 

GROUP  1 

2 

Comm  Inst 

500 

70 

8 

30 

3 

Comm  Inst 

500 

200 

20 

50 

AC  90-45A 

4 

Comm  Inst/ 
Multi 

1600+ 

170 

20 

10 

5 

Comm  Inst/ 
Multi 

4000 

700 

10 

100 

6 

Comm  Inst/ 
Multi 

900+ 

180 

20 

30 

1 

Comm  Inst/ 
Multi 

2000+ 

250 

30 

50 

GROUP  2 

2 

Comm  Inst/ 
Multi 

550 

150 

0 

0 

Univ.  of 

3 

Comm  Inst 

560 

94 

0 

0 

Ill./CTI 

4 

Comm  Inst/ 
Multi 

3100+ 

N/A 

0 

0 

5 

ATP /Multi 

4000+ 

N/A 

0 

0 

6 

Comm  Inst 

350 

60 

0 

0 

1 

Pvt  Inst/ 
Multi 

800 

150 

0 

0 

Group  3 
NAFEC 

2 

Comm  Inst 

980 

65 

0 

40 

3 

Comm  Inst 

7400 

175 

10 

0 

4 

Comm  Inst/ 
Multi 

N/A 

N/A 

0 

0 

5 

Comm  Inst/ 
Multi 

2350 

500 

0 

0 

6 

Comm  Inst/ 
Multi 

N/A 

. . 

N/A 

0 

0 

N/A — Not  Available 
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After  completing  the  initial  training  and  briefing  session,  each  subject 
was  given  a familiarization  flight  (using  a route  that  was  different  from 
the  data  route).  During  rh_  foiuJ lfarization  flight,  the  instructor  interrupted 
as  often  as  required  ir  order  to  assi  :t  or  explain  the  use  of  the  turn  anticipation 
technique.  After  coirpleting  the  initial  training  and  familiarization  flight, 
each  subject  was  given  another  familiarization  flight  (without  the  instructor 
interrupting  or  assisting)  in  order  to  assure  L^at  the  pilot  understood 
the  technique  and  wa.i  indeed  using  it.  If  the  instructor  felt  that  an 
additional  familiarize. tion  flight  was  necessary  to  reinforce  the  technique, 
it  was  provided.  Upon  completion  of  the  familiarization  flights,  the  subject 
was  immediately  given  the  ac"a  flight  using  the  rout?  B1  configuration. 

DATA  COLLECTION  PARAMETERS. 

The  data  items  extracted  included: 

a.  Total  system  crosstrack  (TSCT)  turn  data  related  to  the  transi- 
tion from  one  segment  to  the  next.  These  data  were  defined  by  envelopes 
(+2  and/or  +4  nmi)  before  and  after  a waypoint.  These  envelopes  were 
sufficiently  large  to  encompass  all  activities  related  to  transitioning  from 
one  segment  to  the  next. 

b.  Steady  state  TSCT  and  flight  technical  error  (FTE)  data. 

c.  Actual  start  turn  distance  (DTW,  Distance  to  Wayline  (DWYLIN) , and 
time)  used  by  the  pilot.  The  heading  time  history  data  was  used  to  esta- 
blish this  point. 

d.  Actual  turn  end  distance  (DYW,  DWYLIN,  and  time)  used  by  the  pilot. 

The  heading  time  history  data  was  used  to  establish  this  point. 

e.  OBS  setting  (DYW,  DWYLIN,  and  time). 

DISCUSSION  OF  DATA. 

MANUAL  DATA  REDUCTION  — OBS  SET/START  TURN  TIMES.  The  first  level  of 
data  reduction  was  directed  toward  extracting  operational  data  concerning 
the  method  by  which  the  pilots  performed  their  RNAV-relaced  navigation 
isks  in  order  to  comply  with  the  assigned  turn  anticipation  procedures. 

The  data  were  subjected  to  analyses  of  variance  in  order  to  determine 
if  any  systematic  difference  existed  among  the  three  turn  anticipation 
: echniques  and  if  the  magnitude  of  the  turn  angle  affected  the  manner  in 

which  the  turn  anticipation  techniques  were  utilized.  The  results  of  these 

analyses  of  variances  for  the  main  effect  of  turn  anticipation  technique 
are  presented  in  table  2.  It  can  be  seen  that  significant  differences  did 
occur  in  the  data  for  both  the  distance  (DTW)  at  which  the  OBS  was  set 

(F  = 19.546,  degrees  of  freedom  = 2 and  15,  p < 0.001)  and  for  the  distance 

at  which  the  pilots  elected  to  start  their  turns  (F  **  10.992,  degrees  of 
freedom  = 2 and  15,  p<  0.001).  Both  the  OBS  set  distance  and  the  start 
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turn  distance,  however,  were  directly  influenced  by  the  particular  instructions 
that  were  given  to  the  pilots  for  each  of  the  turn  anticipation  techniques, 
and  as  such  it  is  necessary  to  analyze  the  data  in  detail  in  order  to  determine 
differences  among  the  turn  anticipation  techniques. 


TABLE  2.  MEAN  OBS  SET/START  TURN  DISTANCES  FROM  WAYPOINT 
AS  A FUNCTION  OF  TURN  ANTICIPATION  TECHNIQUE 
(PHASE  I) 


AC  90-45A 

UI/CTI 

NAFEC 

Technique 

Technique 

Technique 

OBS  Set 

1.440 

1.998 

2.798 

Start  Turn 

1.714 

0.762 

0.914 

On  the  average,  the  pilots  using  the  AC  90-45A  recommended  turn  anticipation 
technique  set  their  OBS  approximately  at  the  same  time,  or  just  after,  they 
initiated  the  turn  to  the  new  course,  and  not  prior  to  the  turn  as  they  had 
been  briefed  in  the  instructions  to  the  subjects.  AC  90-45A  does  not  give 
any  guidance  to  the  pilots  as  to  when  to  set  the  OBS  for  the  next  leg;  it 
assumes  that  it  is  the  pilot's  responsibility  to  set  the  OBS  at  a point  where 
it  provides  useful  information  concerning  rate  of  closure  to  the  new  course 
in  terms  of  CDI  needle  movement.  For  the  UI/CTI  and  NAFEC-recommended  turn 
anticipation  procedures,  the  pilots  set  the  OBS  at  points  1.236  nmi  and  1.884 
nmi,  respectively,  prior  to  initiating  the  required  turn.  In  the  case  of  the 
UI/CTI-recommended  technique,  the  pilots  were  instructed  to  set  the  OBS  at 
a point  2.0  nmi  prior  to  the  waypoint,  using  the  DTW.  The  resultant  average 
distance  of  1.998  nmi  indicates  that  they  followed  the  Instructions  very 
well.  However,  there  is  evidence  that  this  distance  was  not  adequate  for 
anticipating  and  starting  the  turn  based  on  CDI  motion.  The  pilots,  in  their 
informal  comments,  indicated  that  sufficient  time  was  not  available  to  sense 
the  CDI  motion  correctly.  For  the  NAFEC-recommended  turn  anticipation  technique, 
the  pilots  were  allowed  to  use  a greater  distance  to  set  the  OBS  and  were 
instructed  to  set  the  OBS  at  a point  2.0  to  3.0  nmi  prior  to  the  waypoint. 

The  resultant  average  distance  of  2.798  nmi  indicates  that  the  pilots  recognized 
the  need  for  more  time  in  order  to  sense  the  CDI  needle  motion  correctly  and 
to  apply  the  required  turn  distance  formula. 

From  table  3 it  is  apparent  that  for  both  the  UI/CTI-aad  NAFEC-recommended 
turn  anticipation  techniques,  the  pilots  were  influenced  by  the  angle  of  the 
turn,  and  in  fact  used  more  distance  in  setting  the  OBS  for  larger  turn  angles. 
Based  on  the  data  presented  in  this  table,  it  may  further  be  conjectured 
that  for  larger  turn  angles  (i.e.,  120°  or  greater)  and/or  higher  airspeeds 
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(i.e.,  greater  than  200  knots  TAS) , greater  distance  (for  setting  the  OBS) 
will  be  required  in  order  that  the  pilots  will  have  sufficient  distance  to 
correctly  assess  CDI  motion  in  order  to  determine  the  proper  place  to 
initiate  their  turns. 


TABLE  3.  MEAN  OBS  SET/START  TURN  DISTANCES  FROM  WAYPOINT 

AS  A FUNCTION  OF  TURN  ANGLE  AND  TURN  ANTICIPATION 
TECHNIQUE  (PHASE  I) 


AC 

90-4 5A 

UI/CTI 

NAFEC 

Technique 

Technique 

Technique 

Turn  Angle 

OBS 

Start 

OBS 

Start 

OBS 

Start 

(Degrees) 

Set 

Turn 

Set 

Turn 

Set 

Turn 

15 

1.533 

1.333 

2.017 

0.233 

2.217 

1.217 

28 

1.967 

1.833 

1.700 

0.033 

2.717 

0.067 

111 

1.533 

1.900 

2.183 

1.233 

3.067 

1.350 

48 

1.900 

1.783 

1.800 

0.867 

2.633 

0.850 

96 

1.700 

1.767 

2.367 

1.033 

3.100 

0.933 

29 

1.567 

1.667 

1.633 

0.767 

2.900 

1.083 

93 

0.117 

1.667 

2.283 

1.167 

2.950 

0.900 

The  start  turn  distance  for  the  AC  90-45A-recommended  turn  anticipation 
technique  was  based  on  computed  true  airspeed.  Table  3 shows  that  for  the 
most  part,  the  pilots  used  the  technique  exactly  as  they  were  instructed. 

The  average  start  turn  distance  was  1.714  nmi  prior  to  the  waypoint.  The 
start  turn  distances  for  the  UI/CTI-and  NAFEC-recommended  techniques  were 
jth  based  on  CDI  needle  displacement  and  as  such  would  be  expected  to  be 
different  from  the  distances  used  for  the  AC  90-45A  technique.  The  average 
start  turn  distances  were  0.762  nmi  and  0.914  nmi  prior  to  the  waypoint.  For 
he  NAFEC  turn  anticipation  procedure,  the  data  indicate  that  the  pilots  did 
ot  follow  the  required  procedure  in  that  they  were  inconsistent  on  the  smaller  i 

turn  angles  in  terms  of  when  they  chose  to  make  their  turns.  It  would  appear 
that  the  workload  involved  in  computing  the  proper  turn  point  for  shallow-angle  » 

turns  was  not  considered  to  be  necessary  by  the  pilots,  or  the  method  does 
not  work  for  this  type  of  turn.  However,  for  turn  angles  approaching  90°, 
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the  pilots  appear 
Table  3 indicates 
the  distance  used 
turn  angle  (i.e., 
distance) . 


to  be  able  to  understand  the  use  of  the  proper  distance, 
that  for  the  UI/CTI-recommended  turn  anticipation  technique, 
for  start  turn  was  directly  related  to  the  magnitude  of  the 
the  greater  the  turn  angle,  the  greater  the  start  turn 


TOTAL  SYSTEM  CROSSTRACK  ERROR — TURN  DATA.  Analyses  of  variance  tests  were 
completed  on  the  mean  (x) , variance  (a),  and  root  mean  square  (RMS)  total 
system  crosstrack  error  statistics  based  on  the  time  series  data  from  4.0  nmi 
prior  to  the  waypoint  to  4.0  nmi  after  the  waypoint.  The  results  of  these 
analyses  of  variance  for  the  main  effects  of  turn  anticipation  technique 
are  presented  in  table  4.  From  this  table  it  can  been  seen  that  the  mean 
total  system  crosstrack  error  data  were  not  significantly  different  from 
each  other  even  though  the  mean  total  system  crosstrack  error  ranged  between 
0.028  nmi  and  0.150  nmi  for  the  three  turn  anticipation  techniques.  The 
variance  and  the  RMS  data,  however,  both  resulted  in  significant  differences 
being  determined.  In  both  cases,  the  AC  90-45A-recommended  turn  anticipation 
technique  was  significantly  more  variable  (in  terms  of  total  system  cross- 
track error)  than  either  of  the  other  two  turn  anticpation  techniques.  This 
finding  indicates  that  the  required  turn  distance  (for  most  turn  angles)  is 
too  large  and  as  such  introduces  a greater  amount  of  variability  into  the 
tracking  data  due  to  the  fact  that  the  pilots  significantly  undershoot 
the  turn  and  must  initiate  additional  turns  in  order  to  reach  the  desired 
course.  The  additional  variability  associated  with  the  AC  90-45A-recommended 
turn  anticipation  technique  was  influenced  almost  entirely  by  the  procedure 
which  the  pilot  elected  to  use  to  return  to  the  desired  course.  In  the 
instructions  to  the  subjects,  the  pilots  were  told  to  "continue  turn  until  on 
next  leg  heading,  then  if  you  need  to  correct  to  get  back  on  course,  do  so." 

These  instruction  were  given  specifically  to  insure  that  the  pilots  did  use  the 
AC  90-45A  technique  in  order  that  the  technique  could  be  evaluated.  Under  actual 
Instrument  Flight  Rules  (IFR)  conditions,  the  pilots  probably  would  have  been 
cross-checking  the  CDI  needle  movement  and  would  not  have  completed  the  turn 
at  the  specified  point,  but  would  have  elected  to  continue  flying  on  the  present 
heading  until  the  CDI  needle  would  have  started  to  give  guidance  with  respect 
to  the  next  course,  assuming,  of  course,  that  the  0BS  had  been  set  to  the 
next  course. 


PLOTTED  TURN  DATA  (+4  nmi).  Figures  8,  9,  and  10  present  the  +4.0-nmi  data 

for  each  of  the  three  turn  anticipation  techniques.  Each  figure  consists  of 
the  six  pilots'  data  for  each  of  the  techniques.  These  figures  show  that 
each  of  the  techniques  resulted  in  reasonably  consistent  on-course  tracking 
during  the  transition  from  one  segment  to  the  next.  The  data  in  figure  8, 
the  AC  90-45A  technique,  however,  showed  the  most  variability  due  to  the  fact 
that  the  pilots  started  their  turns  earlier  than  necessary  and  in  the  process 
of  transitioning  from  one  segment  to  the  next  had  to  correct  back  to  the 
course  due  to  the  fact  that  they  had  undershot  the  intended  course.  Table  5 
presents  X,  sigma,  and  RMS  total  system  crosstrack  error  data  as  a function 
of  turn  anticipation  technique  and  turn  angle.  This  table  shows  that  turn 
angle  as  well  as  turn  anticipation  technique  influenced  the  variability 
associated  with  transitioning  from  one  segment  to  the  next  segment. 
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TABLE  4.  MEAN,  VARIANCE,  AND  RMS  TOTAL  SYSTEM  CROSSTRACK 
ERROR  (TURN  DATA)  AS  A FUNCTION  OF  TURN  ANTICI- 
PATION TECHNIQUE  (PHASE  I) 


T.A.  Technique 

T.A.  Technique 

T.A.  Technique 

No.  1 

No.  2 

No.  3 

AC  90-45A 

Ul/CTI 

NAFEC 

X TSCT 

0.028 

0.083 

0.150 

(+4.0  nmi) 

F = 2.733 

Degrees  of  freedom  = 

P 0.096 

2 and  15 

TSCT 

0.326 

0.207 

0.238 

(+4.0  nmi) 

F = 9.642 

Degrees  of  freedom  = 

0.002 

2 and  15 

RMS  TSCT 

0.478 

0.343 

0.390 

(+4.0  nmi) 

F = 4.218 

Degrees  of  freedom  = 

0.034 

2 and  15 

i 

t 
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TABLE  5.  MEAN,  VARIANCE,  AND  RMS  TOTAL  SYSTEM  CROSSTRACK 
ERROR  (TURN  DATA)  AS  A FUNCTION  OF  TURN  ANGLE 
AND  TURN  ANTICIPATION  TECHNIQUE  (PHASE  I) 


Turn 

Angle 

(Degrees) 

AC  90-4 5A 
Technique 

UI/CTI 

Technique 

NAFEC 

Technique 

X 

o 

RMS 

X 

0 

RMS 

X 

0 

RMS 

15 

0.437 

0.198 

0.481 

0.214 

0.144 

0.326 

0.589 

0.209 

0.628 

28 

0.724 

0.342 

0.804 

0.284 

0.195 

0.399 

0.479 

0.227 

0.558 

111 

-0.005 

0.423 

0.443 

0.252 

0.198 

0.340 

0.082 

0.414 

0.480 

48 

-0.492 

0.397 

0.640 

0.056 

0.190 

0.531 

-0.279 

0.176 

0.352 

96 

-0.314 

0.323 

0.458 

0.058 

0.341 

0.352 

0.106 

0.276 

0.330 

29 

-0.096 

0.262 

0.307 

-0.171 

0.153 

0.255 

-0.031 

0.134 

0.173 

93 

0.046 

0.279 

0.301 

0.015 

0.212 

0.260 

0.155 

0.272 

0.338 

84 

-0.075 

0.383 

0.393 

-0.048 

0.225 

0.282 

0.098 

0.193 

0.258 
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FINAL  APPROACH  DATA.  In  this  experiment  the  pilots  were  instructed  to 
use  the  RNAV  approach  mode  (1  dot  ■ 1/4  mile)  for  the  final  approach  to  runway 
4.  Data  were  collected  on  the  final  approaches  in  order  to  investigate  the 
question  of  nonprecision  (RNAV)  approaches  versus  Instrument  Landing  System 
(ILS)  approaches  using  a single-waypoint  analog  XNAV  system  in  the  terminal 
area.  Even  though  the  pilots  flew  the  final  approaches  using  RNAV  approach 
mode,  the  pilots  were  also  instructed  to  tune  in  the  localizer  frequency  on 
NAV  set  No.  1.  The  CDI  display  for  NAV  No.  1 was  covered  in  order  that  the 
pilot  would  not  be  able  to  see  the  CDI  localizer  needle  deflections. 

From  the  data  in  table  6 it  can  be  seen  that  if  the  pilots  had  followed 
the  ILS  signal  their  approaches  would  have  been  more  accurate  in  that  the 
ILS  localizer  signal  was  more  accurate  in  terms  of  mean  displacement  and 
variability  than  the  RNAV  guidance.  However,  the  table  data  indicate  that 
the  2-sigma  variability  was  within  the  criteria  established  by  AC  90-45A 
for  terminal  area  guidance,  and  as  such,  the  nonprecision  approaches  using 
the  RNAV  approach  mode  were  sufficiently  accurate  to  be  useable  in  the 
terminal  area. 

QUESTIONNAIRE  RESULTS.  The  pilots  who  used  the  AC  90-45A-recommended  turn 
anticipation  technique  offered  the  following  comments: 

1.  The  pilots  were  aware  of  the  fact  that  in  using  this  turn 
anticipation  technique,  constant  undershoots  occurred  due  to  turning  too 
early. 


2.  The  pilots  were  aware  that  this  turn  anticipation  technique 
did  not  take  into  account  the  angle  of  the  turn  required  to  transition 
between  two  segments. 

3.  The  pilots  indicated  that  the  workload  Involved  in  computing 
TAS  was  excessive.  The  inexperienced  (i.e.,  lower  instrument  time)  pilots 
indicated  that  they  would  have  difficulty  in  a busy  terminal  area  in 
implementing  this  procedure. 

The  pilots  who  used  the  UI/CTI-recommended  turn  anticipation  technique 
offered  the  following  comments: 

« 1.  The  pilots  expressed  the  concern  that  the  distance  hetveen 

the  point  where  the  OBS  had  been  set  and  the  point  at  which  the  CDI  needle 
movement  had  started  to  provide  turn  guidance  was  not  sufficient,  based  on 
using  the  2.0-nmi  DTW  point  to  set  the  OBS.  to  the  new  course.  Furthermore, 
the  pilots  indicated  that  at  different  airspeeds  the  problem  would  become 
worse  (i.e.,  as  airspeeds  increase,  the  required  lead  distance  must  be 
increased) . 
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TABLE  6.  STATISTICAL  SUMMARIES  FOR  FINAL  APPROACH  DATA 
(TSCT  VERSUS  FTE  VERSUS  ILS)  (Phase  I) 


Variable 

TSCT 

FTE 

ILS 

AC  90-4 5A 

X 

-0.005 

0.066 

-0.040 

Technique 

a 

0.254 

0.315 

0.164 

RMS 

0.271 

0.341 

0.182 

PI 

-0.  794 

P2 

0.823 

P3 

-0.  704 

Variable 

TSCT 

FTE 

ILS 

UI/CTI 

X 

0.099 

0.038 

0.017 

Technique 

a 

0.149 

0.240 

0.115 

RMS 

0.195 

0.195 

0.145 

PI 

-0.630 

P2 

0.860 

P3 

-0.635 

Variable 

TSCT 

FTE 

ILS 

NAFEC 

X 

0.142 

-0.119 

0.047 

Technique 

0 

0.111 

0.221 

0.072 

RMS 

0.184 

0.254 

0.084 

PI 

-0.462 

p2 

0.883 

- p 3 

-0.334 

Legend 

PI  - TSCT /FTE 
P2  - TSCT/ ILS 
p3  - FTE/ ILS 

Note: 

o - Product  Moment  Correlation  Coefficient 
FTE  - CDI  needle  displacement 
ILS  - Localizer  needle  displacement 
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2.  The  pilots  were  aware  that  after  setting  the  OBS  they  were 
using  the  CDI  needle  to  measure  the  distance  to  the  next  course  and  not 
to  the  current  waypoint. 

1 The  pilots  who  used  the  NAFEC-recommended  turn  anticipation  technique 

offered  the  following  comments: 

1.  The  pilots  were  aware  that  the  OBS  had  to  be  set  at  a point 
greater  than  2.0  nmi  prior  to  the  waypoint  in  order  to  have  sufficient  lead 
time  to  use  the  CDI  movement  effectively. 

2.  The  pilots  were  aware  when  using  this  technique  that  inter- 
polation was  required  based  on  airspeed  and  turn  angle.  They  also  commented 
that  in  order  for  this  type  of  technique  to  work,  the  rules  had  to  be  modified 
by  interpolation  based  on  external  conditions  of  wind,  turbulence,  traffic 
density,  and  other  workload-oriented  problems. 

3.  The  pilots  were  aware  of  the  fact  that  this  technique  provided 
a guideline  or  place  at  which  they  could  start  their  turn.  (The  basic 
difference  between  the  UI/CTI-recommended  turn  anticipation  technique  and 
this  technique  was  that  for  the  UI/CTI  technique,  pilot  experience  and 
judgment  were  critical  in  determining  the  point  at  which  to  start  the  turn, 
whereas,  in  the  NAFEC  technique  the  start  turn  point  was  calculated  based 

on  the  established  rules.) 

4.  Only  one  of  the  six  pilots  indicated  that  he  would  not  use 
this  technique  because  it  was  too  difficult. 

In  general,  the  pilots  rated  all  three  recommended  turn  anticipation 
techniques  as  being  fairly  easy  to  implement,  and  except  in  one  or  two  cases 
indicated  that  they  could  and  would  use  these  techniques  in  flying  under 
IFR  conditions. 


PHASE  II  METHOD  OF  APPROCH  (PRELIMINARY  OFFSET  TRACKING  PROCEDURES) 


OBJECTIVE. 

The  objective  of  phase  II  was  to  examine  two  different  methods  of  executing 
turns  from  segment  to  segment  while  tracking  in  the  offset  mode.  There  are 
two  fundamentally  different  turn  anticipation  techniques  which  are  described 
below: 

OFFSET  TURN  TECHNIQUES  USING  PILOT  JUDGEMENT  OF  CDI  MOVEMENT.  In  order 
to  define  the  methodology  required  to  fly  continuous  offsets  using  a single- 
waypoint  RNAV  nonce ntered  CDI  needle  system,  it  must  first  be  determined 
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how  to  anticipate  turns  and  to  transition  to  the  next  course  segment  while 
maintaining  the  desired  offset.  The  intent  of  phase  II  was,  therefore, 
to  establish  an  OBS  setting  logic  and  define  a turn  anticipation  method  that 
would  be  useable  and  understandable  by  the  pilot  while  at  the  same  time 
could  be  applied  in  a consistent  manner  for  the  purposes  of  separation  and 
control. 

Therefore,  the  first  rule  to  be  established  dealt  with  a combination  of 
two  factors:  (1)  whether  the  offset  was  left  or  right  of  the  parent  course, 
and  (2)  whether  the  next  course  segment  required  a left  turn  or  a right  turn 
for  the  transition. 

Once  this  protocol  had  been  established,  it  was  then  necessary  to  formulate 
an  OBS  setting  logic  that  would  complement  the  transition  requirements.  The 
primary  consideration  which  guided  the  OBS  set  logic  was  that  the  point  (or 
time)  at  which  the  OBS  was  set  had  to  provide  sufficient  time  (or  distance) 
for  the  pilot  to  sense  the  rate  of  movement  of  the  CDI  needle  in  order  to 
apply  his  judgment  as  to  when  to  initiate  the  transition  to  the  next  segment. 

OFFSET  TURN  TECHNIQUES  BASED  ON  COMPUTED  DTW  TURN  ANTICIPATION  DISTANCES.  If 
the  AC  90-45A-recommended  method  of  turn  anticipation  had  been  selected  to  be 
utilized  for  offset  tracking,  the  pilot  would  have  had  to  calculate:  (1)  the 
angle  of  the  turn,  (2)  the  distance  to  the  apex  (of  the  offset)  from  the 
parent  course,  and  (3)  the  geometry  necessary  to  provide  the  proper  DTW  (miles) 
to  start  turn  distance.  All  of  these  calculations  are  time  consuming,  require 
mental  concentration  by  the  pilot,  and,  therefore,  would  not  be  feasible  for 
a single  pilot  operation  in  a busy  terminal  area  unless  it  was  an  automated 
feature  of  the  RNAV  unit.  Therefore,  in  order  to  implement  an  offset  turn 
anticipation  method  based  on  DTW,  it  was  necessary  to  consider  the  mathematics 
involved  in  the  basic  computations  for  an  automated  turn  anticipation  pro- 
cedure, and  to  initiate  the  work  outlined  in  the  appendix  of  this  report. 

This  technique,  however,  was  not  intended  for  application  in  subsequent  studies. 

ROUTE  STRUCTURE. 

All  RNAV  data  flights  were  flown  using  the  route  B1  configuration  presented  in 
figures  7 and  11.  Route  B1  provided  a SID,  a route  leg  to  transition  to  a 
STAR,  and  an  RNAV  approach  procedure  to  runway  4 at  ACY.  Figure  11  presents 
the  2-,  4-,  and  5-mile  left  and  right  offsets  used  in  this  phase. 
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FIGURE  11.  HORIZONTAL  VIEW  OF  EXPERIMENTAL  FLIGHT  COURSES  (PHASE  II) 
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EXPERIMENTAL  DESIGN. 


For  this  phase  II  data  collection  effort,  two  separate  experiments  were 
conducted.  The  first  experiment  dealt  with  testing  an  OBS  setting  logic  and 
a turn  anticipation  technique  based  on  pilot  judgment  of  CDI  distance  (and/or 
movement).  This  technique  was  evaluated  for  offsets  of  2 nmi  left,  4 nmi 
left,  5 nmi  left,  2 nmi  right,  4 nmi  right,  and  5 nmi  right. 

The  second  experiment  tested  a turn  logic  based  on  computed  DTW  turn  antici- 
pation distances.  This  technique  was  also  evaluated  using  the  same  offset 
configurations  as  above. 

The  six  offset  flights  which  used  pilot  judgment  of  CDI  distance  Cand/or 
movement)  as  the  turn  anticipation  technique  were  run  first.  The  second  set 
of  six  offset  flights  which  used  the  computed  DTW  turn  anticipation  distances 
were  run  second.  No  formal  factorial  design  was  established  for  this  sequence 
of  test  runs  since  this  test  was  not  designed  to  distinguish  which  of  the 
two  methods  of  turn  anticipation  was  the  better,  but  was  designed  to  evaluate 
the  feasibility  of  using  these  two  techniques  for  turn  anticipation  while 
maintaining  an  offset  using  the  single-waypoint  (noncentered  CDI  needle) 

RNAV  system. 

SUBJECTS . 

The  two  subjects  used  in  this  experiment  were  highly  experienced  pilots  who 
were  the  GAT-2  instructors  for  the  RNAV  project.  These  two  subjects  were 
used  because  this  was  an  exploratory  effort  which  required  a high  degree  of 
competence  in  using  the  King  RNAV  unit  in  the  GAT-2A  simulator.  It  was  not 
felt  necessary  to  conduct  a full-scale  factorial  experiment  with  additional 
subjects  at  this  time  to  determine  the  feasibility  of  using  either:  (1)  the 
pilot  judgment  of  CDI  distance  (and/or  movement)  technique,  or  (2)  the 
computed  DTW  distance  technique  for  turn  anticipation. 

EXPERIMENTAL  PROCEDURES. 


The  pilots  were  briefed  regarding  experimental  objectives  and  specific  flight 
task  requirements.  In  addition,  the  route  geometry  was  discussed  and  route 
charts  and  approach  plates  were  given  to  the  pilots.  The  OBS  setting  logic 
and  the  specific  turn  anticipation  techniques  to  be  used  were  explained  in 
detail  and  the  pilots  were  Instructed  to  use  the  OBS  set  logic  and  turn 
anticipation  techniques  exactly  as  specified  and  not  to  modify  the  techniques 
under  any  circumstances.  The  pilots  were  instructed  to  begin  flying  the 
offset  course  after  passing  waypoint  C.  The  procedure  at  this  point  was  to 
establish  a 45°  intercept  track  and  then  transition  to  the  offset  course, 
then  fly  the  constant  offset  until  intercepting  the  final  approach  course. 
During  the  offset  flight  the  pilot  was  expected  to  maintain  an  altitude  of 
12,000  feet  and  160  knots  indicated  airspeed  (i.e.,  approximately  195  knots 
TAS) . The  pilot  was  instructed  to  begin  his  descent  to  2,000  feet  at  a 
point  approximately  5 nmi  beyond  waypoint  F. 


METHOD  I;  OFFSET  TURN  TECHNIQUES  USING  PILOT  JUDGMENT  OF  CPI  MOVEMENT.  This 
technique  consisted  of  two  distinct  required  actions:  (1)  implementation  of 
the  OBS  set  logic,  and  (2)  implementation  of  the  turn  logic.  Table  7 presents 
the  basic  logic  to  be  used  for  setting  the  OBS  to  the  next  course  during 
offset  tracking. 

TABLE  7.  BASIC  LOGIC  FOR  SETTING  THE  OBS  DURING  OFFSET  TRACKING 
(PHASES  II  AND  III) 


Course  Change 

a.  Right  off set /turn  right 

b.  Right  offset/turn  left 

c.  Left  offset/turn  left 

d.  Left  offset/tum  right 


OBS  Set  Logic 
Twice  offset  value 
TO/FROM  indicator 
Twice  offset  value 
TO/FROM  indicator 


In  general,  the  rules  for  setting  the  OBS  (for  the  next  course)  during 
offset  tracking  are  as  follows: 

1.  When  on  an  offset  and  the  next  course  turn  occurs  after  passing 
the  waypoint,  use  the  TO/FROM  indicator  as  a cue  for  setting  the  OBS  to  the 
next  course  (table  7,  cases  b and  d).  Therefore,  when  the  aircraft  crosses 
the  wayline  (a  line  perpendicular  to  the  course  through  the  waypoint)  and 
the  TO/FROM  flag  is  neither  TO  nor  FROM,  hut  is  "buried  out  of  view,"  the 
OBS  should  be  set. 

2.  When  on  an  offset  and  the  next  course  turn  occurs  prior  to  the 
waypoint,  use  a value  (of  distance  to  waypoint)  that  is  twice  the  offset 
distance  for  setting  the  OBS  to  the  next  course.  For  example,  if  a 4-nmi 
offset  is  being  flown,  the  OBS  will  be  set  when  DTW  reads  8 nmi  (table  7, 
cases  a and  c). 

Figure  12  presents  a placard  which  is  mounted  in  the  cockpit  directly 
above  the  RNAV  unit.  This  placard  can  be  used  by  the  pilot  to  assist  in 
applying  rules  1 and  2.  These  rules  for  the  OBS  setting  logic  were  derived 
by  experimentation  and  actual  testing  and  appeared  to  offer  a reliable 
means  of  establishing  when  the  OBS  should  be  set. 
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FIGURE  12.  PLACARD  USED  TO  ASSIST  THE  PILOT  IN  APPLYING 
THE  OBS  SET  LOGIC  (PHASES  II  and  III) 
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Once  the  OBS  has  been  set,  the  CDI  needle  will  move  from  its  present 

position  and  will  either  be  pegged  (at  the  extremes  of  the  display)  or  will 

move  toward  the  center  of  the  display,  except  when  using  the  TO/FROM  indicator 
on  shallow  angle  turns  (then  it  will  either  move  very  little  or  not  at  all). 
The  pilot  will  continue  to  maintain  his  present  heading  until  the  CDI 
needle  approaches  the  desired  offset  distance.  As  the  CDI  needle  approaches 
the  desired  offset  distance,  the  pilot  will  have  to  use  his  judgment  based 
on  the  CDI  distance  (and/or  rate  of  movement)  to  initiate  his  turn  to  the 
next  course.  As  the  aircraft  is  turning  onto  the  next  course,  the  pilot 
will  monitor  the  CDI  needle  until  it  reaches  the  desired  offset  distance. 
Pilots  are  expected  to  turn  at  a rate  not  to  exceed  3°  per  second  (i.e., 
standard  rate  turn).  The  pilot  should  bear  in  mind  that  the  faster  the 

airspeed,  the  faster  the  CDI  movement,  and  the  more  the  pilot  will  have  to 

lead  his  turn. 


J 
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METHOD  2;  OFFSET  TURN  TECHNIQUES  BASED  ON  COMPUTED  DTW  TURN  ANTICIPATION 
DISTANCES.  The  pilot  was  instructed  to  use  a turn  anticipation  technique 
based  on  tabled  DTW  distances.  These  distances  were  determined  by  the 
equations  outlined  in  the  appendix.  The  values  derived  from  these  equations 
were  provided  to  the  pilot  on  copies  of  the  route  B1  map.  The  pilot  was 
expected  to  use  the  DTW  values  to  initiate  the  transition  from  one  segment  to 
the  next.  Positive  values  of  DTW  distance  represented  a distance  TO  the 
offset  wayline  and  negative  values  of  DTW  distances  represented  a distance 
FROM  the  offset  wayline.  In  this  experiment  the  pilots  were  requested  to  set 
the  OBS  after  they  had  initiated  the  turn  to  the  next  leg.  The  reason  for  this 
was  to  insure  that  the  pilots  did  indeed  use  the  computed  turn  anticipation 
distance  and  were  not  influenced  by  CDI  needle  distance  (and/or  movement). 

DATA  COLLECTION  PARAMETERS. 


The  data  items  extracted  included: 

a.  TSCT  turn  data  related  to  the  transition  from  one  segment  to  the 
next.  These  data  were  defined  by  envelopes  (+2  and/or  +4  nmi)  before  and 
after  a waypoint.  These  envelopes  were  sufficiently  large  to  encompass  all 
activities  related  to  transitioning  from  one  segment  to  the  next. 

b.  Steady  state  TSCT  and  FTE  data. 

c.  Actual  start  turn  distance  (DTW,  DWYLIN,  and  time)  used  by  the  pilot. 
The  heading  time  history  data  was  used  to  establish  this  point. 

d.  Actual  turn  end  distance  (DTW,  DWYLIN,  and  time)  used  by  the  pilot. 
The  heading  time  history  data  was  used  to  establish  this  point. 

e.  OBS  setting  (DTW,  DWYLIN,  and  time). 

DISCUSSION  OF  DATA. 

DATA  REDUCTION  --  OBS  SET/START  TURN  DATA.  The  first  level  of  data  reduction 
was  directed  toward  extracting  operational  data  concerning  the  method  by 
which  the  pilots  performed  their  RNAV-related  navigation  tasks  in  order  to 
comply  with  the  assigned  turn  anticipation  procedure. 

Offset  Turn  Techniques  Using  Pilot  Judgment  of  CDI  Movement.  Tables  8 
and  9 present  the  OBS  setting  times  and  distances  (including  DTW,  and  CDI 
displacement)  and  actual  start  turn  times  and  distances  (including  DTW, 

DWYLIN,  and  CDI  displacement).  Also  included  in  these  tables  are  the  position 
of  the  TO/FROM  indicator  and  the  magnitude  of  the  turn  angle.  These  data 
are  from  the  runs  which  used  pilot  judgment  of  CDI  distance  (and/or  rate  of 
movement)  for  turn  anticipation.  Tables  12  and  13  present  the  same  set  of 
data  from  the  runs  which  used  the  tabled  values  of  DTW  distances  for  turn 
anticipation. 


TABLE  8.  OBS  SET/START  TURN  DISTANCES  FOR  LEFT  OFFSETS  USING  THE  CDI  TURN  METHOD  (PHASE  II) 


aircraft  had  passed  the  angle  bisector  and  the  value  represented  the  distance 
he  next  vayllne. 


TABLE  9.  OBS  SET/START  TURN  DISTANCES  FOR  RIGHT  OFFSETS  USING  THE  CDI  TURN  METHOD  (PHASE  II) 


Caused  by  RHAV  systea  mal function  which  resulted  In  an  erroneous  DTW  reading. 


For  the  most  part,  the  pilot  did  apply  the  rules  established  for  the  03S 
setting  logic.  Table  8 shows  that  for  the  left  offsets,  four  of  the  six  turns 
required  that  the  OBS  be  set  at  a distance  that  was  two  times  the  offset  value. 
From  these  data,  it  appears  that  the  pilot  did  not  have  a problem  with  using 
the  required  rule.  The  other  two  turns  (at  waypoints  T and  F)  required  that 
the  OBS  be  set  upon  noticeable  movement  of  the  TO/FROM  indicator.  It  is 
evident  that  the  required  action  resulted  in  OBS  being  set  at  a DTW  distance 
equivalent  to  the  offset  distance,  which  in  turn  required  the  pilot  to  initiate 
the  transition  to  the  next  segment  almost  immediate] y. 

Table  9 data  indicate  that  for  the  right  offsets,  four  of  the  six 

turns  required  that  the  OBS  be  set  upon  noticeable  movement  of  the  TO/FROM 

indicator.  From  these  data  (except  for  one  case  which  was  affected  by  an 
RNAV  system  malfunction),  it  appears  that  the  pilot  did  not  have  a problem 
with  using  the  required  rule.  The  other  two  turns  (at  waypoints  T and  F) 
required  that  the  OBS  be  set  at  a distance  that  was  two  times  the  offset 
value.  From  the  data  in  table  9,  it  can  be  seen  that  the  required  action  was 
implemented  at  the  desired  DTW  distance. 

It  is  interesting  to  note  the  manner  in  which  the  CDI  needle  operates 
once  the  OBS  has  been  set.  The  data  in  table  8 show  that  for  those  turns 

(i.e.,  left  offsets  ) that  required  the  OBS  to  be  set  at  twice  the  distance 

of  the  offset  (waypoints  K,  L,  M,  and  G)  the  CDI  needle  would  move  to  the 
right  of  the  display  (for  4-and  5-nmi  offsets,  essentially,  the  needle 
would  be  pegged  at  the  extreme  right  of  the  display).  As  the  aircraft  approached 
the  next  course  segment,  the  needle  would  move  toward  the  appropriate  distance 
(toward  the  center)  and  the  pilot  would  initiate  the  turn  based  on  his 
judgment  of  the  needle  movement.  The  five-dot  limit  of  the  CDI  instrument 
caused  a problem  (with  a noncentered  needle)  in  that  the  pilot  (for  the  4- 
and  5-nmi  offsets)  could  not  perceive  the  needle  movement  until  it  was 
approximately  1 mile  from  the  fifth  dot,  because  the  needle  did  not  start  to 
move  until  it  was  in  the  range  from  6.4  to  6.1  nmi.  Of  course,  this  fact 
made  the  5-nmi  offset  more  difficult  to  fly  since  there  was  very  little 
distance  in  which  to  sense  the  needle  movement.  In  fact,  at  higher  aircraft 
speeds  than  those  used  in  this  simulation  (i.e.,  greater  than  200  knots  TAS) , 
the  5-nmi  offset  would  not  be  practical  due  to  the  five-dot  limitation  on  the 
CDI  instrument  of  only  approximately  1-mile  lead  time  between  the  pegged 
position  and  the  fifth  dot.  In  addition,  the  CDI  instrument  used  in  this  study 
was  not  symmetric  but  had  a bias  toward  the  right  side  which  affected  the 
pilot's  capability  to  minimize  flight  technical  error  during  a left  offset. 

Table  10  presents  the  calibration  values  for  the  CDI  instrument  used  in  this 
study.  It  can  be  seen  that  a bias  was  evident  for  the  right  needle  deflection. 
The  effect  of  this  bias  will  be  explored  in  relation  to  the  steady  state  TSCT 
and  FTE  data  later  in  this  section. 

Table  9 data  indicate  that  for  those  turns  (i.e.,  right  offsets)  that 
required  the  OBS  to  be  set  upon  noticeable  movement  of  the  TO/FROM  indicator 
(waypoints  K,  L,  M,  and  G)  the  CDI  needle  would  either  move  toward  the  center 
of  the  display  or  for  the  shallower  angle  turns  (waypoint  L)  might  not  move 
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TABLE  10.  CALIBRATION  VALUES  FOR  THE  CDI  INSTRUMENT  USED  IN  THIS  STUDY 
(PHASE  II) 


Left 

Center 

Right 

Dots 

-5 

-4 

-3 

-2 

-1 

0 

1 

2 

3 4 

5 

Volta* 

-5.25 

-4.15 

-3.06 

-2.00 

-1.03 

0.010 

1.00 

1.99 

3.10  4.30 

5.65 

*Voltage  is  equivalent  to  nautical  mile  d la placement. 


TABLE  11.  DTW  DISTANCES  USED  FOR  TEST  OF  TURN  ANTICIPATION  COMPUTATIONS 
(PHASE  II) 


2.0  nmi 

4.0  nmi 

5.0  nmi 

2.0  nmi 

4.0  nmi 

5.0  mni 

left 

left 

left 

right 

right 

2.0 

4.1 

5.1 

2.2 

4.2 

5.3 

(FROM) 

(FROM) 

(FROM) 

(TO) 

(TO) 

(TO) 

5.0 

8.4 

10.4 

2.4 

5.8 

7.8 

(TO) 

(TO) 

(TO) 

(FROM) 

(FROM) 

(FROM) 

2.4 

4.5 

5.6 

2.0 

4.2 

5.2 

(TO) 

(TO) 

(TO) 

(FROM) 

(FROM) 

(FROM) 

3-9 

7.0 

7 9 

2 2 

5.2 

(TO) 

(TO) 

(TO) 

(FROM) 

(FROM) 

(FROM) 

2.0 

4.1 

5.1 

2.2 

4.2 

5.2 

(FMM) 

(FROM) 

(FROM) 

(TO) 

(TO) 

(TO) 

3.7 

6.4 

7.9 

2.2 

4.9 

6.3 

(TO) 

(TO) 

(TO) 

(FROM) 

(FROM) 

(FROM) 

at  all  (especially  if  the  aircraft  was  off  course).  As  the  aircraft  approached 
the  next  course  segment,  the  needle  would  move  out  (from  the  center)  toward 
the  appropriate  distance  and  the  pilot  would  initiate  the  turn  based,  once 
again,  on  his  judgment  of  the  needle  movement. 

Offset  Turn  Techniques  Based  On  Computed  DTW  Turn  Anticipation 
Distance.  For  the  DTW-based  turn  anticipation  method,  the  pilot  was  speci- 
fically requested  not  to  set  the  OBS  until  after  the  turn  had  been  initiated 
and  he  was  established  on  the  new  heading.  Therefore,  the  OBS  setting  logic 
was  not  applied  and  the  OBS  setting  time  and  distance  was  not  as  critical, 
and,  in  fact,  was  not  as  necessary  as  it  was  for  the  CDI-based  turn  anticipation 
method.  The  data  for  the  OBS  setting  times  and  distances,  however,  are 
presented  in  tables  11  and  12  in  order  to  show  the  relationships  between 
the  start  turn  data  and  the  OBS  set  data. 

Table  11  presents  the  interpolated  values  of  DTW  distances  and  the 
status  of  the  TO/FROM  indicator  used  in  this  study  to  test  the  concept  of 
using  an  automated  turn  anticipation  method  with  a single-waypoint  RNAV 
system.  The  interpolated  values  were  calculated  based  on  the  tabled  values 
presented  in  tables  A-4  and  A-5  of  the  appendix.  Tables  12  and  13  present 
the  start  turn  data  derived  from  this  study.  The  data  in  tables  11  and  12 
indicate  that,  for  the  most  part,  the  pilot  did  use  the  tabled  values  at  the 
appropriate  times.  The  effect  of  using  both  the  CDI-based  and  DTW-based 
turn  anticipation  methods  will  be  examined  later  in  this  section. 


For  the  DTW  method  of  turn  anticipation,  it  was  not  possible  for  the 
pilot  to  intercept  the  final  approach  course  using  the  values  provided  by 
the  turn  anticipation  equations.  Therefore,  the  pilot  was  provided  with  a 
set  of  DTW  values  at  which  point  he  was  to  set  the  OBS  in  order  to  intercept 
the  final  approach  course.  The  OBS  set  values  are  presented  in  table  14. 
Once  the  OBS  had  been  set  at  these  points,  the  CDI  needle  movement  was 
used  to  intercept  the  final  approach  course. 


TOTAL  SYSTEM  CROSSTRACK  ERROR  — TURN  DATA.  The  second  level  of  data 
reduction  was  directed  toward  measurement  of  crosstrack  error  for  both  of 
the  turn  anticipation  systems  tested.  Table  15  presents  the  RMS  statistics 
based  on  the  time  series  data  from  4 nmi  prior  to  the  waypoint  to  4 nmi 
after  the  waypoint. 

i rom  the  data  in  table  15,  it  can  be  seen  that  considerable  variability 
existed  in  the  turn  data.  For  the  CDI-based  turn  anticipation  method,  the 
shallow  angle  turn  at  waypoint  F resulted  in  the  greatest  changes  in 
.triability  during  the  5-nmi  offsets.  In  fact,  for  the  5-nmi  right  offset, 
tie  2- RMS  criteria  of  +2  nmi  was  exceeded.  For  the  DTW-based  turn  anticipation 
method,  the  acute  angle  turn  (111°)  at  waypoint  K resulted  in  the  greatest 
overall  variability.  The  resultant  variability  for  this  acute  angle  tran- 
sition may  reflect  a weakness  in  the  algorithm  used  for  the  DTW  distance 
computations,  and,  as  such,  should  be  evaluated  further. 
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TABLE  12.  OBS  SET/START  TURN  DISTANCES  FOR  LEFT  OFFSETS  USING  THE  DTW  TURN  METHOD  (PHASE  II) 


BS  SET/START  TURN  DISTANCES  FOR  RIGHT  OFFSETS  USING  THE  DTW  TURN  METHOD 


the  distance  TO  the  next  way line 


II 

A 


TABLE  14.  DTW  DISTANCE  FOR  OBS  SET  PRIOR  TO  INTERCEPTING 
THE  FINAL  APPROACH  COURSE  (PHASE  II) 


2.0  nml 
left 

4.0  nml 
left 

5.0  nml 
left 

2.0  nml 
right 

4.0  nml 
right 

5.0  nml 
right 

3.0  miles 
to  U 

1.4  miles 
to  I 

6.0  miles 
to  H 

3.0  miles 
to  H 

4.3  miles 
to  H 

6.3  miles 
to  H 

TABLE  15. 

RMS 

0^4.0  nmi) 

TURN  DATA 

(PHASE  II) 

Turn 

Angle 

Wey- 

2.0  nml  4,0  nml 

3.0  nml 

2,0  nml 

4 ,0  nml 

5,0  nml 

Technique 

(Degrees) 

point 

left 

left 

left 

right 

right 

right 

111 

■ 

0.436 

0.484 

0.448 

0-685 

0.876 

0.717 

48 

H 

0-401 

0.471 

0-766 

0.354 

0.821 

0.483 

CDI 

96 

G 

0.367 

0.427 

0-830 

0.402 

0.315 

0-761 

29 

F 

0-149 

0-173 

0.900 

0.521 

0.173 

1.058 

93 

c 

0-331 

0-399 

0.284 

0.476 

0.249 

0.672 

111 

n 

0.919 

0.940 

1.003 

0.647 

0.560 

0.525 

48 

n 

0-792 

0.448 

0.883 

0.664 

0.494 

0.639 

DTW 

96 

M 

0.306 

0.620 

0.868 

0.475 

0.721 

0.800 

29 

H 

0.327 

0.333 

0.341 

0.208 

0.141 

0.129 

93 

1 

0.247 

0.299 

0.110 

0-315 

0.381 

0.154 

STEADY  STATE  DATA  — TOTAL  SYSTEM  CROSSTRACK  ERROR  AND  FLIGHT  TECHNICAL  ERROR. 

Table  16  presents  the  mean  and  RMS  statistics  for  the  offset  steady  state 
TSCT  data  for  all  segments  between  waypoints  C'  and  H (or  H').  The  statistics 
were  computed  based  on  the  time-series  data  from  4 nmi  after  the  waypoint  to 
4 nmi  prior  to  the  waypoint.  This  range  caused  steady  state  data  not  to 
exist  for  the  4-nmi  left  offset  between  waypoints  G and  H and  for  the 
5-nmi  left  offset  between  waypoints  T and  K,  and  between  waypoints  G and  H. 

The  data  between  these  points  were  included  in  the  turn  data  statistics. 

The  data  in  these  tables  can  be  combined  for  both  the  CDI  and  DTW  conditions 
since:  (1)  the  tracking  data  should  not  be  influenced,  over  the  long  run, 
by  the  turn  anticipation  method,  and  (2)  the  +4-nmi  window  used  for  the  turn 
data  should  delete  all  transition  data  from  the  steady  state  data. 

Table  16  shows  that  the  5-nmi  left  and  right  offsets  resulted  in  TSCT 
values  that  either  approach  or  exceeded  the  2-RMS  criteria  of  +2  nmi. 

The  2-  and  4-nmi  offset  TSCT  error  data  in  all  cases  was  less  than  the 
+2  nmi  criteria. 

Table  17  presents  the  mean  and  RMS  statistics  for  the  offset  steady 
state  CDI  displacement  (FTE)  data  for  all  segments  between  waypoints  C'  and 
H.  The  statistics  were  computed  on  the  same  basis  as  the  TSCT  data.  Table  17 
indicates  that  a bias  did  indeed  exist  for  the  5-nmi  left  offset  (l.e.,  right 
CDI  needle  displacement)  which  in  turn  influenced  the  TSCT  data  especially 
for  the  segments  between  waypoints  K to  L and  waypoints  L to  M. 

In  general,  these  data  Indicate  that  the  tracking  proficiency  for  the 
5-nmi  offsets  did  not  fall  within  the  criteria  established  by  AC  90-45A. 

Analog  single-waypoint  RNAV  systems  of  the  type  used  in  this  study  which 
utilize  a noncentered  needle  for  offsets  would  probably  violate  the 
airspace  utilization  criteria  in  the  terminal  area  and  not  be  useable  for 
offsets  greater  than  4 nmi. 

PHASE  III  METHOD  OF  APPROACH  (2-  AND  4-NMI  OFFSET  PROCEDURES) 

OBJECTIVE. 

The  objective  of  phase  III  was  to  expand  the  offset  tracking  data  base  which 
was  established  during  phase  II,  and  to  evaluate  the  use  of  a noncentered  CDI 
needle  to  fly  2-  and  4-nmi  offsets  in  a terminal  area  environment. 

The  phase  II  tests  demonstrated  that  the  pilots  could  use  a procedural  turn 
anticipation  method  based  on  an  OBS  set  logic  and  CDI  distance  (and/or  rate 
of  movement)  to  anticipate  turns  while  maintaining  the  desired  offset  using 
a noncentered  needle  CDI.  The  phase  II  study  also  pointed  out  that  the  pro- 
cedure did  not  work  for  the  transition  to  the  final  approach  course,  and 
that  a procedure  (or  logic)  would  have  to  be  derived  which  would  allow  the  " 

pilots  to  successfully  transition  from  the  offset  course  to  the  final  course. 

The  rationale  for  the  CDI-based  turn  anticipation  technique  was  presented 
in  the  corresponding  section  of  phase  II. 

, 
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TABLE  16.  MEAN  AND  RMS  STEADY  STATE  TRACKING  DATA  (TSCT)  (PHASE  II) 
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ROUTE  STRUCTURE 


All  RNAV  flights  were  flown  using  the  route  B1  configuration  presented  In 
figure  7 and  13.  Figure  13  shows  the  2-  and  4-nmi  left  and  right  offset 
configurations.  The  phase  III  study  was  conducted  using  only  the  2-  and 
4-nmi  left  and  right  offsets.  The  phase  II  tests  showed  that  5-nmi  offsets 
were  not  practical  due  to  equipment  limitations. 

EXPERIMENTAL  DESIGN. 

The  experimental  design  used  for  phase  III  was  specifically  devised  to  test 
whether  or  not  significant  differences  in  horizontal  tracking  performance 
existed  between  the  four  offset  configurations  (2-  left,  4-nmi  left, 

2-  right,  and  4-nmi  right)  for  steady  state  tracking;  and  to  determine 
if  the  angle  or  direction  affected  tracking  performance. 

The  experimental  design  matrix  for  this  study  is  presented  in  table  18.  It 
can  be  seen  that  a familiarization  flight  preceded  the  data  collection 
flights,  and  that  half  of  the  subjects  were  tested  on  the  left  offsets 
first,  while  the  remainder  were  tested  on  the  right  offsets  first.  In 
addition,  the  order  of  presentation  of  the  offsets  was  counter-balanced  so 
that  the  2-  and  4-nmi  offsets  were  presented  first  an  equal  number  of  times. 


TABLE  18.  EXPERIMENTAL  DESIGN  CONFIGURATIONS  (PHASE  III) 


Data  Flights 


Data  Flights 


Subject  No. 

FAM* 

4 nmi  left 

2 nmi  left 

FAM 

2 nmi  right 

4 nmi  right 

1 

1 

2 

3 

4 

5 

6 

2 

1 

3 

2 

4 

6 

5 

3 

4 

5 

6 

1 

2 

3 

4 

4 

6 

5 

1 

3 

2 

5 

1 

2 

3 

4 

5 

6 

6 

1 

3 
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6 

5 

7 

4 

5 

6 

1 

2 

3 

8 
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6 
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3 

2 

* Familiarization  Flight 
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FIGURE  13.  HORIZONTAL  VIEW  OF  THE  EXPERIMENTAL  FLIGHT  COURSE  (PHASE  III) 


SUBJECTS. 


The  eight  subject  pilots  in  this  experiment  were  chosen  from  instrument  rated 
pilots  (at  NAFEC)  who  had  participated  in  previous  GAT-2A  RNAV  projects.  The 
eight  pilots  ranged  in  flight  experience  from  350  to  1,800  total  hours  and  6 
to  55  hours  of  GAT-2  experience.  Table  19  presents  a summary  of  their  flight 
experience. 

TABLE  19.  SUMMARY  OF  THE  FLIGHT  EXPERIENCE  OF  THE  EIGHT  SUBJECTS  (PHASE  III) 


License 

Total  Hours 

Instrument  Hours 

■ 

Comm/ Inst/Mult 

1800+- 

310 

warn 

Comm/Inst/Mult 

960 

90 

50 

Pvt/Inst 

8004- 

150 

6 

Comm/ Inst /Mult 

1700+ 

300 

55 

Comm/ Inst 

980 

65 

45 

Comm/ Inst 

360 

60 

6 

Comm/ Inst /Mult 

560 

94 

6 

Comm/ Inst 

500 

80 

10 

EXPERIMENTAL  PROCEDURES. 

The  pilots  were  briefed  regarding  experimental  objectives  and  specific  flight 
task  requirements.  In  addition,  the  route  geometry  was  discussed  and  route 
charts  and  approach  plates  were  given  to  the  pilots.  The  OBS  setting  logic 
and  the  specific  turn  anticipation  techniques  to  be  used  were  explained  in 
detail  and  the  pilots  were  Instructed  to  use  the  OBS  set  logic  and  turn 
anticipation  technques  exactly  as  specified  and  not  to  modify  the  technique 
under  any  circumstances.  The  pilots  were  instructed  to  begin  flying  the 
offset  course  after  passing  waypoint  C.  The  procedure  at  this  point  was  to 
intercept  the  offset  course  at  a 45°  angle,  then  fly  the  constant  offset  until 
interception  of  the  final  approach  course.. 

During  the  offset  flight,  the  pilot  was  expected  to  maintain  an  altitude  of 

12,000  feet  and  160  knots  indicated  airspeed  (i.e.,  approximately  195  knots 

TAS).  The  pilot  was  Instructed  to  begin  his  descent  to  2,000  feet  at  a point 

approximately  5 nmi  after  waypoint  F.  * 
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The  charts  defined  the  OBS,  theta,  rho,  and  frequency  for  each  waypoint. 

After  the  pilots  set  the  OBS,  theta,  rho,  and  frequency  for  a given  waypoint, 
they  were  flying  TO  that  waypoint.  The  TO  flag  was  displayed  on  the  CDI 
and  DTW  was  decreasing.  When  they  reached  the  wayline,  the  TO  flag  (within 
approximately  +0.5  nmi)  disappeared  and  the  DTW  stopped  decreasing  (DTW  did 
not  reach  zero,  but  approximated  the  offset  distance). 

The  pilots  were  instructed  to  make  an  extra  effort  to  fly  with  the  CDI 
needle  at  the  selected  offset  distance  at  all  times.  Furthermore,  when 
starting  the  flight,  the  pilots  were  instructed  to  make  sure  that  the  RNAV 
Mode  Selector  switch  was  in  RNAV  Mode.  The  only  time  the  pilots  were  allowed 
to  use  the  Approach  Mode  was  on  final  approach.  Each  pilot  was  given  two 
familiarization  flights  before  starting  actual  data  collection  (table  18). 

Specific  charts  were  provided  for  the  familiarization  flights.  The  pilots 

were  instructed  that  they  could  expect  to  encounter  some  mild  turbulence  , 

with  winds  aloft  during  the  flight.  The  simulator  operator  advised  the  1 

pilots  of  these  winds  and  other  weather  phenomena  while  also  issuing  air 
traffic  control  (ATC)  clearances.  Upon  completion  of  the  familiarization 
flight,  the  subject  pilot  was  immediately  tested  on  the  appropriate  offset 
flights  (reference  table  18). 

SPECIFIC  TECHNIQUE  FOR  OFFSET  TRACKING  USING  A CPI-BASED  TURN  ANTICIPATION 
TECHNIQUE.  The  technique  used  in  this  phase  III  effort  consisted  of  three 
distinct  required  actions: 

1.  Implementation  of  the  OBS  set  logic 

2.  Implementation  of  the  turn  logic 

3.  Implementation  of  the  final  approach  intercept  logic 
LOGIC  FOR  SETTING  OBS  DURING  OFFSET  TRACKING. 


Course  Change 

Logic 

(1) 

Right  offset/turn  right 

Twice  offset  value 

(2) 

Right  offset/turn  left 

TO/FROM  indicator 

(3) 

Left  offset/tum  left 

Twice  offset  value 

(4) 

Left  offset/turn  right 

TO/FROM  indicator 

In  general,  the  rules  for  setting  the  OBS  (for  the  next  course)  during 
offset  tracking  are  as  follows: 

1.  When  on  an  offset  and  the  next  course  turn  occurs  after  passing 
the  waypoint,  use  the  TO/FROM  indicator  as  a cue  for  setting  the  OBS  to 
the  next  course  (reference  cases  b and  d above).  It  should  be  noted  that 
when  crossing  the  wayline  (a  line  perpendicular  to  the  course  through  the 


43 


waypoint)  the  TO/FROM  flag  is  neither  TO  nor  FROM  but  is  "buried  out  of 
view."  At  this  point,  set  the  OBS  for  the  next  course. 


2.  When  on  an  offset  and  the  next  course  turn  occurs  prior  to  the 
waypoint,  use  a value  that  is  twice  the  offset  distance  for  setting  the  OBS 
to  the  next  course.  For  example,  if  a 4.0-nmi  offset  is  being  flown,  the 
OBS  will  be  set  when  DTW  reads  8.0  nmi  (reference  cases  a and  c above). 

Figure  12  represents  the  placard  which  was  mounted  directly  above  the  RNAV 
unit.  This  placard  was  to  be  used  by  the  pilot  to  assist  in  applying  rules 
1 and  2. 

TURN  LOGIC.  Once  the  OBS  has  been  set,  the  CDI  needle  will  move  from 
its  present  position  and  will  either  be  pegged  (at  the  extremes  of  the 
display)  or  will  move  toward  the  center  of  the  display.  The  pilot  will 
continue  to  maintain  his  present  heading  until  the  CDI  needle  approaches  the 
desired  offset  distance.  As  the  CDI  needle  approaches  the  desired  offset 
distance,  the  pilot  will  have  to  use  his  judgment  (based  on  the  rate  of  CDI 
movement)  to  initiate  his  turn  to  the  next  course.  As  the  aircraft  is 
turning  to  the  next  course,  the  pilot  will  monitor  the  CDI  needle  until  it 
reaches  the  desired  offset  distance.  Pilots  are  expected  to  turn  at  a rate 
not  to  exceed  3°  per  second  which  is  the  standard  rate  turn.  The  pilot 
should  bear  in  mind  that  the  faster  the  airspeed,  the  faster  the  CDI  needle 
movement,  and  the  more  he  will  have  to  lead  his  turn. 

TURN  LOGIC  FOR  FINAL  APPROACH  TECHNIQUE. 

1.  Left  offset  (or  right  offset)  inside  base  leg  (i.e.,  offset  track 

is  between  the  final  approach  fix  and  the  initial  approach  fix  for  the  final 
approach  course). 

Rules: 

a.  After  completing  turn  at  GOLF,  update  to  INDIA  waypoint. 

b.  After  updating  waypoint,  set  OBS  to  038°  final  approach  course. 

c.  Maintain  current  heading  to  intercept  final  approach  course. 

d.  Use  CDI  as  guide  for  turning  onto  final  approach  course. 

2.  Right  offset  (or  left)  outside  base  leg  (i.e.,  offset  track  is  beyond 
the  initial  approach  fix). 

Rules : 

a.  After  completing  turn  at  GOLF,  update  to  HOTEL  waypoint. 

b.  After  updating  waypoint  (track  offset  CDI  needle)  until  twice  the 
offset  distance  (DTW)  to  set  OBS  to  the  next  course. 

C.  Use  CDI  as  guide  for  turning  onto  final  approach  course. 

These  rules  for  the  OBS  setting  logic  were  derived  by  experimentation 
and  actual  testing,  and  appeared  to  offer  a reliable  means  of  establishing 
when  the  OBS  should  be  set. 
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DATA  COLLECTION  PARAMETERS. 


The  data  items  extracted  included: 

a.  TSCT  turn  data  related  to  the  transition  from  one  segment  to  the 
next.  These  data  were  defined  by  envelopes  (+2  and/or  +4  nmi)  before  and 
after  a waypoint.  These  envelopes  were  sufficiently  large  to  encompass  all 
activities  related  to  transitioning  from  one  segment  to  the  next. 

b.  Steady  state  TSCT  and  FTE  data. 

c.  Actual  start  turn  distance  (DTW,  DWYLIN,  and  time)  used  by  the  pilot. 
The  heading  time  history  data  was  used  to  establish  this  point. 

d.  Actual  turn  end  distance  (DTW,  DWYLIN,  and  time)  used  by  the  pilot. 
The  heading  time  history  data  was  used  to  establish  this  point. 

e.  OBS  setting  (DTW,  DWYLIN,  and  time). 

DISCUSSION  OF  DATA. 

DATA  REDUCTION  --OBS  SET/START  TURN  DATA.  The  first  level  of  data  reduction 
was  directed  toward  extracting  operational  data  concerning  the  ability  of  the 
pilots  to  perform  their  RNAV-related  navigation  tasks  in  order  to  comply  with 
the  assigned  turn  anticipation  procedures. 

Table  20  contains  the  OBS  setting  and  start  turn  values  for  the  following 
parameters:  (1)  DTW  distance,  (2)  Wayline  distance,  and  (3)  CDI  displacement. 
The  statistical  values  in  this  table  are  means.  These  values  are  presented 
as  a function  of  turn  angle  (i.e.,  waypoint  location  and  transition  angle) 
and  offset  configuration,  and  are  a summary  of  the  operational  data  from 
all  eight  subjects. 

The  data  show  that,  for  the  most  part,  the  pilots  did  apply  the  rules 
established  for  the  OBS  setting  logic.  For  the  left  offsets,  four  of  the 
six  turns  required  that  the  OBS  be  set  at  a distance  that  was  two  times  the 
offset  value.  From  these  data,  it  appears  that  the  pilots  did  not  have  a 
problem  with  using  the  required  rule.  The  other  two  turns  (at  waypoints  T 
and  F)  required  that  the  OBS  be  set  upon  movement  of  the  TO/FROM  indicator. 
l com  these  data,  it  can  be  seen  that  the  required  action  resulted  in  the  OBS 
being  set  at  a DTW  distance  equivalent  to  the  offset  distance,  which,  in 
turn,  required  the  pilots  to  initiate  the  transition  to  the  next  segment 
aLmost  immediately. 

From  table  20,  it  is  evident  that  for  the  right  offsets,  four  of  the 
six  turns  required  that  the  OBS  be  set  upon  movement  of  the  TO/FROM  indicator. 
It  appears  that  the  pilots  did  not  have  a problem  with  using  the  required 
rule.  The  other  two  turns  (at  waypoints  T and  F)  required  that  the  OBS  be  set 
at  a distance  that  was  two  times  the  offset  value.  The  data  Indicate  that 
the  required  action  was  implemented  at  the  desired  DTW  distance. 


45 


til: 


H H N i— I N H 


m N ^ >o  O H H 


N n O'  \0  N H 
n n •?  n O n 


■O  HO  HNfM  O 


H (O  O O C"C  Q 
N N O N*  N H n' 


>tr  <n  ^ vo  ^ 


m m >o  oo  -o  > 


N n N 00  M n 


fN  M >J  N 


•O  MO  >0  N N 


«j  n oo  oo  -o  oo  m 


<M  m CM  <S  IN  CM  CM 


iflirtnin^oon 
O'  «»  n ^ N O'  N 
• •••••• 

n n n n ^ n ^ 


ml 


oo  no  -o  n n *j  m 
^ ^ r^.  oo 


HNNNHNn  HNNNHNM  NHHHNHn  I N H H H N H (*N 


CO  H CD  O O'  n -J  C0  H CO  NO  ON  m 4 00  H oo  NO  o>  n < 00  H 00  « ON  (*N  <r  CD  u 

N H ^ ON  <N  O'  CO  N H 4 O'  N O'  00  fN  H J N O'  00  (N  H vj  On  (N  O 00  *H<H 

•H  <H  *H  <H  O 00 

J 

B JB 
U tu  U 
■H  u | 

1°  * 

(-  * J X u.  c * H I*  J X <■.  O X H X J X lx  O X HHJChDX  J * i 

s35 

i si 

u u h r h 

tf  | • 

Sw  CO  *0  TJ  TJ 

«M  | 2 $ 

N+4  nm  SSI 

go  |°  |°  »»» 

B *,  B £ 8 £ ■ • • 

O «M  O oc  o V 

^ S <n  3 


I 

1 1 
i 

i 

I \ 


The  turn  at  waypoint  H was  not  considered  in  the  above  explanations  since  the 
logic  for  the  transition  to  the  final  approach  course  was  different  than  the 
other  two  turn  logics.  The  data  in  table  20,  however,  indicate  that  the 
pilots  followed  the  required  logic. 

Even  though  the  pilots  adhered  to  the  OBS  setting  logic  for  both  the 
left  and  right  offsets,  the  turn  logic  appears  to  have  caused  considerable 
variability  in  times  and  distances  for  the  right  offsets.  The  left  offset 
CDI  displacement  values  are  consistent  with  that  which  was  expected.  Also, 
the  pilots  did  perform  as  expected  and  initiated  the  transition  to  the 
next  course  at  the  appropriate  point.  An  explanation  concerning  the  expected 
CDI  needle  movement  was  included  in  the  phase  II  section  of  this  report. 

TOTAL  SYSTEM  CROSSTRACK  ERROR  — TURN  DATA.  The  second  level  of  data 
reduction  was  directed  toward  measurement  of  crosstrack  error  during  the 
transitions  at  waypoints  T,  K,  L,  M,  F,  and  G in  order  to  determine  if  the 
turn  logic  resulted  in  turns  which  exceeded  a 2-RMS  value  of  +1.5  nmi. 

Table  21  presents  the  mean,  sigma,  and  RMS  statistics  based  on  the  time- 
series  data  from  2 nmi  prior  to  the  waypoint  to  2 nmi  after  the  waypoint. 

Table  22  presents  the  mean,  sigma,  and  RMS  statistics  based  on  the  time- 
series  data  from  4 nmi  prior  to  the  waypoint  to  4 nmi  after  the  waypoint. 

It  is  evident  that  the  RMS  variability  was  greater  for  the  left  offsets 
than  for  the  right  offsets,  and  that  the  4-r.mi  left  offset  transition  at 
waypoint  L exceeded  a 2-RMS  value  of  +1.5  nmi.  The  difference  in  variability 
between  the  left  and  right  offsets  may  be  attributable  to  the  right  CDI 
needle  bias  (table  10).  The  total  system  crosstrack  error  for  the  turn 
data  at  waypoint  H was  consistent  with  the  turn  data  at  the  other  waypoints 
and  did  not  exceed  a 2-RMS  value  of  +1.5  nmi.  None  exceeded  a 2-RMS  value 
of  +2  nmi. 

STEADY  STATE  DATA  — TOTAL  SYSTEM  CROSSTRACK  ERROR  AND  FLIGHT  TECHNICAL  ERROR. 
Table  23  presents  the  mean,  sigma,  and  RMS  statistics  for  the  offset  steady 
state  tracking  data  (i.e.,  TSCT)  for  all  segments  between  waypoints  C*  and 
H (or  H').  The  same  statistics  were  also  computed  for  all  tracking  data 
between  waypoint  H (or  H')  and  waypoint  J;  however,  these  data  were  based 
upon  using  the  RNAV  approach  mode  (i.e.,  1 dot«l/4  mile).  The  statistics  were 
computed  based  on  the  time-series  data  from  2 nmi  after  the  waypoint  to  2 
nmi  prior  to  the  waypoint.  An  evaluation  of  the  turn  and  steady  state 
tracking  data  indicated  that  the  +2-nmi  turn  data  window  was  sufficient  to 
encompass  all  of  the  turn  data  and  that  the  steady  state  data  was  not 
affected  by  the  turn  data. 

The  data  show  that  in  three  segments  tracking  performance  resulted  that 
exceeded  a 2-RMS  value  of  +1.5  nmi.  Two  of  these  occurred  during  the  4-nmi 
left  offset,  and  the  third  occurred  during  the  2-nmi  left  offset.  Only 
one  of  these  three  exceeded  a 2-RMS  value  of  +2  nmi. 

In  general,  the  left  offsets  were  more  variable  (in  terms  of  TSCT  error) 
than  the  right  offsets.  Once  again,  this  may  have  been  due  to  the  CDI 
needle  bias. 
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These  data  indicate  that  the  tracking  proficiency  (TSCT  error) , except  for 
three  offset  cases,  do  fall  within  either  a 2-RMS  value  of  +1.5  nmi  or  a 
2-RMS  value  of  ±2  nmi  for  the  steady  state  data.  These  data,  however,  are 
Influenced  by  one  pilot's  Initial  flights  which  were  the  2-nmi  and  4-nmi 
left  offsets.  This  pilot  was  a minimum-time  IFR  pilot  (approximately  60 
hours)  and  he  had  the  lowest  overall  time  (approximately  360  hours).  This 
particular  subject  improved  his  performance  over  subsequent  flights,  and  by 
his  last  flight  (i.e.,  sixth  - including  two  familiarization  flights)  it  was 
difficult  to  distinguish  his  performance  from  the  other  seven  pilots. 

Figure  14  presents  RMS  TSCT  error  for  the  steady  state  data  and  the  turn 
data  (both  +2-  and  +4-nmi  error  window).  The  difference  in  variability 
between  the  left  and  right  offsets  exists  for  both  the  steady  state  and 
the  turn  data;  furthermore,  it  is  evident  that  there  is  no  difference  in 
the  magnitude  of  the  steady  state  and  turn  data.  This  similarity  in  both 
data  sets  would  suggest  that  the  turn  logic  works  and  does  not  result  in 
errors  larger  than  those  Incurred  for  the  steady  state  tracking. 

Figures  15  through  18  present  the  composite  plots  for  the  2-nmi  left, 

4-nmi  left,  2-nmi  right,  and  4-nmi  right  offsets. 

Table  24  presents  the  mean,  sigma,  and  RMS  statistics  for  the  offset 
steady  state  CDI  displacement  (FTE)  for  all  segments  between  waypoints  C’ 
and  H (or  H').  The  same  statistics  were  also  computed  for  all  tracking 
data  between  waypoint  H (or  H')  and  waypoint  J;  however,  these  data  were  based 
upon  using  the  RNAV  approach  mode  (i.e.,  1 dot  - 1/4  mile).  The  statistics  were 
computed  on  the  same  hasis  as  the  TSCT  data.  It  can  be  seen  that  for  the 
steady  state  tracking  data  there  was  no  difference  between  the  left  and 
right  offsets  in  terms  of  CDI  displacement.  The  bias  apparent  in  the 
calibration  measurements  (table  23),  does  not  appear  to  have  affected  the 
pilots'  tracking  capability  for  the  steady  state  segments. 

The  steady  state  TSCT  error  for  the  final  approach  course  was  based  on 
the  centerline  course  (i.e.,  deviations  were  for  a centered  CDI  needle), 
and,  as  such,  was  more  precise  than  that  for  the  offset  tracking. 
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TSCT  ERROR  - NAUTICAL  MILES 


nmi  nmi  uni  nmi 

(LEFT  OFFSET)  (LEFT  OFFSET)  (RIGHT  OFFSET)  (RIGHT  OFFSET) 

78-41-14 


FIGURE  14.  RMS  TSCT  ERROR- -TURN  DATA  (±2-AND  4-NMI  ERROR  WINDOW)  AND 
STEADY  STATE  DATA (PHASE  III) 
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PROBLEMS  INHERENT  IN  THE  USE  OF  OFFSET  TURN  ANTICIPATION  LOGIC.  The  TO /FROM 
logic  does  allow  the  pilot  to  "get  into  trouble"  during  the  transition  at  the 
shallow  angle  turns  (waypoints  T,  L,  and  F)  in  that  upon  setting  the  OBS,  the 
CDI  needle  has  little  or  no  movement  which  results  in  a lack  of  time  to 
observe  CDI  needle  motion  since  the  pilot  passed  the  bisector  angle  before 
starting  the  turn. 

Figure  19  depicts  the  geometry  at  waypoint  L,  and  is  presented  in  order  to 
explain  a problem  with  the  TO/FROM  logic  for  right  or  left  offsets.  The  rules 
for  the  TO/FROM  logic  state  that  the  OBS  should  be  set  at  a point  where  the 
TO/FROM  flag  is  "buried  out  of  view."  The  CDI  distance  at  this  point 
(assuming  that  the  aircraft  is  on  course)  will  be  approximately  the  distance 
of  the  offset  (i.e.f  2 or  4 nmi  in  this  study).  For  a right  offset,  the 
pilot  must  immediately  initiate  the  turn  to  the  next  segment  (within  approxi- 
mately 8 to  16  seconds  after  setting  the  OBS)  because  the  CDI  needle  either 
moves  very  little  or  not  at  all  and,  therefore,  the  pilot  cannot  use  needle 
movement  as  a cue  for  initiating  the  turn.  The  problems  stated  above  contri- 
buted to  two  blunders  at  waypoint  L. 

The  first  occurred  during  a 2-nmi  right  offset  and  resulted  in  a TSCT  error 
of  2.74  nmi  right  of  course.  The  pilot  commented  that  the  CDI  needle  did 
not  change  when  he  set  the  OBS  and  he  became  confused.  In  this  case,  the  CDI 
needle  eventually  drifted  out  to  5 dots  left;  however,  the  pilot  did  not 
attempt  to  recenter  the  needle  for  approximately  76  seconds.  For  the  second 
case  (a  4-nmi  right  offset)  the  pilot  also  expected  the  needle  to  show  some 
movement  and  became  confused.  The  problem  in  this  case  was  compounded  by  the 
fact  that  the  needle  pegged  to  the  left.  The  pilot  stayed  on  course, 
waiting  for  the  needle  to  move,  and  eventually  committed  a blunder  of 
5.73  nmi  right  of  course.  The  pilot  had  to  be  directed  to  return  to  course. 

In  a similar  case,  another  pilot  flying  a 2-nmi  left  offset  incurred  and 
error  of  1.45  nmi  left  of  course  while  transitioning  at  waypoint  F (29° 
transition).  This  occurred  as  a result  of  the  pilot  waiting  to  observe  the 
CDI  needle  movement.  The  pilot  initiated  the  turn  when  the  CDI  read  3 nmi 
right. 

These  three  cases  point  out  a weakness  in  the  TO/FROM  OBS  set  logic  and  sub- 
sequent turn  logic  that  could  result  in  blunders  when  used  under  actual  IFR 
conditions.  The  problem  would  become  even  more  critical  at  higher  speeds  and 
the  logic  of  OBS  SET/TURN  would  not  be  useable  for  shallow  angle  turns,  and 
would  require  the  implementation  of  a DTW  based  logic  which  would  take  into 
account  the  turn  angle  and  speed  of  the  aircraft. 

The  problem  with  the  shallow  angle  turns  is  further  demonstrated  by  the  data 
in  table  25. 
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FIGURE  19.  DIAGRAM  OF  TRANSITION  AT  WAYPOINT  L 


TABLE  25 


ELAPSED  TIME  BETWEEN  OBS  SET  AND  START  TURN  FOR  SHALLOW  ANGLE 
TURNS  AT  WAYPOINTS  L AND  F (PHASE  III) 


Left  Offset  Right  Offset 


Waypoint 

2-nmi 

4-nmi 

2-nmi 

4-nmi 

L (48°) 

41  seconds  (2x) 

67  seconds  (2x) 

16  seconds  (T/f) 

11  seconds  (T/f) 

F (29°) 

11  seconds  (T/f) 

8 seconds  (T/f) 

39  seconds  (2x) 

71  seconds  (2x) 

2x  = Two  times  distance 
T/f  =*  TO/FROM  logic 


An  alternative  solution  would  be  to  train  the  pilots  to  react  to  the  shallow 
angle  turns  as  quickly  as  possible,  and  to  start  the  turn  almost  immediately 
after  setting  the  OBS  to  the  next  course. 

In  this  study,  the  steady  state  TSCT  error  for  offset  tracking  was  the  same 
magnitude  as  the  offset  turn  data  TSCT  error.  The  reason  for  this  is  that 
the  turns  were  made  using  a set  of  logic  that  required  the  pilot  to  pay  close 
attention  to  the  CDI  needle  and  the  pilots  did  a reasonable  job  of  transition- 
ing between  segments  with  minimum  TSCT  error  as  shown  by  table  26. 


TABLE  26.  SUMMARY  OF  THE  OVERALL  2-RMS  (+2.0  NMI  WINDOW)  TSCT 
ERRORS  (PHASE  III) 


2-nmi  Left 

4-nmi  Left 

2-nmi  Right 

4-nmi  Right 

Offset 

Offset 

Offset 

Offset 

Steady  State  Data 

1.066 

1.294 

0.882 

0.986 

Turn  Data 

0.966 

1.182 

0.792 

0.956 

A potential  problem  area  exists  which  is  directly  attributable  to  the  non- 
centered  CDI  needle.  The  pilot's  workload  is  increased  with  the  noncentered 
CDI  needle  because  he  has  to  fly  away  from  the  needle  and  in  other  cases  he 
has  to  fly  toward  the  needle.  Under  high  workload  conditions,  this  could 
cause  confusion  which  might  cause  the  pilots  to  fly  in  the  wrong  direction.  In 
fact,  in  this  study  there  were  three  instances  of  this  wrong  needle  sensing. 

One  occurred  at  waypoint  T which  resulted  in  an  error  of  2 nmi  right  of  course. 
Another  occurred  at  waypoint  G and  resulted  in  the  pilot  flying  A nmi  off 
course,  but  parallel  to  the  intended  offset  course  between  waypoints  G and  H. 

A third  case  occurred  at  waypoint  F where  the  pilot  sensed  the  needle  wrongly; 
however,  he  realized  his  error  and  returned  tc  the  offset  course.  In  this  case 
the  pilot  corrected  to  the  needle  instead  of  away  from  the  needle. 
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RESULTS 


1.  The  "on  course"  turn  anticipation  technique  recommended  by  AC  90-45A 
produced  significantly  more  variability  in  terms  of  TSCT  than  did  the 
University  of  Illinois/CTI  and  NAFEC  "on  course"  turn  anticipation  techniques. 

2.  Nonprecision  approaches,  using  a single  waypoint,  analog  RNAV  system  in 
the  approach  mode,  were  sufficiently  accurate  to  be  used  in  a terminal 
environment. 

3.  The  objective  data  indicated  that  for  centerline  tracking,  at  speeds  of 
200  knots  or  less  (TAS) , all  three  turn  anticipation  techniques  were  found 
useable  and  no  blunders  were  recorded. 

4.  Offsets  of  2-and  4-nmi  (left  and  right  of  centerline)  did  not  exceed  the 
+2-nmi  criteria  established  for  steady  state  tracking  capability. 

5.  The  5-nmi  offsets  (left  and  right  of  centerline)  resulted  in  TSCT  and  i 

FTE  variabilities  that  exceeded  the  +2-nmi  criteria  established  for  steady 
state  tracking  capability. 

6.  During  offset  transition,  the  CDI-based  turn  anticipation  technique 
produced  the  greatest  amount  of  TSCT  variability  in  shallow  turns;  whereas, 
the  DTW-based  turn  anticipation  technique  produced  the  greatest  TSCT 
variability  in  acute  turns. 

7.  For  shallow  angle  turns,  the  OBS  set  logic  (which  used  the  TO/FROM 
rule)  did  not  allow  enough  time  for  the  pilot  to  observe  CDI  needle  motion 
and  initiate  the  turn. 

8.  Based  on  the  computer  plots  of  the  routes  flown,  centerline  turn  data 
exhibited  less  variability  in  terms  of  TSCT  than  did  offset  turn  data. 

9.  For  the  2-  and  the  4-nmi  offsets,  the  offset  turn  data  was  not 
significantly  different  from  offset  steady  state  data  in  terms  of  TSCT 
variability. 

10.  Using  a noncentered  needle  to  fly  offsets  increased  the  pilot's  work- 
load because  some  circumstances  required  that  the  pilot  fly  toward  the  needle 
while  other  circumstances  required  the  pilot  to  fly  away  from  it. 

11.  The  pilot's  attempt  to  resolve  the  logic  of  flying  to  or  from  the  CDI 
needle  resulted  in  two  operational  blunders  and  one  procedural  error. 

12.  A placard  detailing  the  OBS  set  logic  procedures,  is.  essential  for  the 
pilots  to  properly  implement  the  correct  turn  logic  while  flying  offsets. 
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CONCLUSIONS 


Based  upon  the  results  of  this  simulation,  the  following  conclusions  are  made 
concerning  the  useabillty  of  a single-waypoint  area  navigation  system  in  a 
terminal  area  environment: 

1.  For  centerline  tracking,  all  three  turn  anticipation  techniques  worked, 
and  no  blunders  were  recorded  in  terms  of  procedural  errors  or  misinterpre- 
tations using  any  of  the  techniques. 

2.  Of  the  three  turn  anticipation  techniques  tested  for  centerline 
tracking,  the  CDI  needle  method  of  turn  anticipation  provides  the  least 
variability  in  terms  of  TSCT. 

3.  Procedural  turn  anticipation  techniques  based  on  individual  pilot  Judgment 
of  CDI  needle  distance  (and/or  rate  of  movement)  provide  no  guidelines 

for  advising  the  pilot  when  to  start  his  turn.  Because  of  pilot 
variability,  there  is  a fundamental  weakness  in  the  time  and  distance  selection 
for  turn  anticipation  for  both  centerline  and  offset  tracking  which  affects 
TSCT  variability. 

4.  The  magnitude  of  the  offsets  that  can  be  flown  effectively  while  using 
a noncentered  needle  will  be  limited  by  the  scale  of  the  CDI  instrument's 
display,  its  sensitivity,  and  the  speed  of  the  aircraft. 

5.  None  of  the  turn  anticipation  techniques  tested  can  provide  adequate 
guidance  for  transition  from  an  offset  condition  to  the  final  approach 
course. 

6.  An  automated  turn  anticipation  method  based  upon  computed  DTW  distance 
and  turn  angle  would  be  superior  to  the  manual  methods  developed  and  tested 
during  this  simulation  for  both  centerline  transitions  and  for  maintaining 
constant  offsets  around  turns. 

7.  An  automated  turn  anticipation  procedure  based  on  "good"  human 
engineering  would  eliminate  many  of  the  workload-inducing  procedures  and 
would  provide  a consistent  application  of  a set  of  rules  without  requiring 
complex  interpretations  and  decisions  on  the  part  of  the  pilot. 
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COMPUTATION  OF  TURN  ANTICIPATION  DISTANCE 


When  making  a turn  from  one  RNAV  course  to  another  at  a waypoint,  the 
necessary  Turn  Anticipation  Distance  (TAD)  at  which  to  initiate  a 
standard-rate  turn  is  developed  in  the  derivations  which  follow.  Expressions 
without  offset  and  with  offset  are  derived. 


Altitude  and  slant  range  effects  have  no  influence  on  these  relations,  except 
for  the  unlikely  case  of  a waypoint  so  close  to  a VOR  that  the  RHO  value 
is  less  than  the  flight  altitude.  In  normal  cases,  slant  range  will  cause 
the  apparent  waypoint  to  shift  slightly  toward  the  VOR,  unless  the  RNAV 
computer  provides  slant  range  correction.  In  either  case,  distance-to-waypoint 
will  read  zero  when  the  apparent  waypoint  is  reached,  and  turns  will  be  made  in 
relation  to  the  apparent  waypoint,  regardless  of  altitude. 

I.  TAD  WITHOUT  OFFSET: 


The  following  derivation  shows  the  development  of  a basic  expression  for 
Turn  Anticipation  Distance  when  no  offset  is  present.  A standard-rate  turn 
of  3 deg/sec  is  assumed,  but  no  allowance  is  made  for  time  required  to 
establish  the  turn.  This  may  add  approximately  1/4  mile  to  all  distance 
values. 


Turn  Anticipation  Distance  Calculations: 


The  turn  anticipation  distance  (TAD)  is  dependent  upon  airspeed  (V),  turn 
angle  ( p ),  and  rate  of  turn  {y>  ).  From  Figure  1 it  can  be  seen  that  TAD 
is  expressed  by  the  relation: 

TAD  • R tan 

Where  R is  the  turn  radius.  A value  for  the  turn  radius  can  be  calculated 
from  the  values  of  airspeed  and  rate  of  turn. 

R (NMI)  • S7.3  V (KT) 

(3600  sec/hr)  (^deg/sec) 

If  we  assume  a standard  rate  turn  (3*/sec)  then: 


R (NMI) 


Substitution  of  this  relation  for  R into  the  equation  for  TAD  provide  the 
relation: 

TAD  - V (ICT)  tan 

181'.  48  u L 


A-l 


4 


' 


,1 


Table  1 shows  the  values  for  TAD  (NMI)  at  airspeeds  from  120KT  to  200ICT 
and  at  turn  angles  froa  15*  to  120*. 


TABLE 

A-l.  TURN 

anticipation  distance 

(NMI) 

TURN 

ANGLE 

AIRSPEED  (V) 

KNOTS 

120 

140 

160 

180 

200 

15* 

.084 

.098 

.112 

.126 

.140 

30* 

.171 

.199 

.227 

.256 

.284 

45* 

.264 

.308 

.3S2 

.396 

.440 

60* 

.368 

.429 

.490 

.551 

.613 

75* 

.489 

.570 

.651 

.733 

.814 

90* 

.637 

.743 

.849 

.955 

1.061 

105* 

.830 

.968 

1.106 

1.245 

1.383 

120* 

1.103 

1.287 

1.470 

1.654 

1.838 

II.  TURN  ANTICIPATION  WITH  PARALLEL  OFFSETS: 


i 


A.  COTAD  (Centered-Needle  Offset  Turn  Anticipation  Distance): 

When  using  RNAV  equipaent  that  is  capable  of  computing  offset 
coures  parallel  to  RNAV  routes,  an  "offset  waypoint"  is  coaputed  along 
the  wayline  at  the  offset  distance  froa  the  basic  waypoint.  (The  wayline 
is  a line  perpendicular  to  the  selected  course,  passing  through  the  basic 
waypoint).  With  this  equipaent,  the  offset  course  is  flown  in  relation 
to  the  offset  waypoint  with  the  CDI  needle  centered.  Distance-to-waypoint 
is  also  measured  relative  to  the  offset  waypoint. 

The  intersection  of  the  initial  and  final  offset  courses  is  displaced 
from  the  offset  waypoint.  Turns  are  made  in  relation  to  this  displaced 
intersection.  As  shown  by  the  derivations  presented  in  Figures  2 and  3,  this 
intersection  distance  (C)  is  added  to  the  previously  derived  expression  for 
TAD  when  the  turn  is  in  the  same  direction  as  the  offset,  and  subtracted  froa 
the  TAD  when  the  turn  is  opposite  to  the  offset.  A resulting  positive  value 
represents  a distance  "To"  the  offset  waypoint,  and  a negative  value  represents 
a distance  "FROM"  the  offset  waypoint. 

The  general  expression  for  the  Centered-Needle  Offset  Turn  Anticipation 
Distance  developed  by  this  derivation  is: 


COTAD  ■ TAD  ♦ C 
COTAD 


V tan| 

Tw;rc 


0S2  - OSl 

sTnV  tany' 


Where:  COTAD  ■ Distance  froa  offset  waypoint,  nautical  miles. 

C ■ Distance  of  intersection  from  offset  waypoint,  nautical  miles. 

V ■ True  airspeed,  knots. 

Y ■ Angle  of  course  change. 

051  ■ Offset  of  initial  course,  nautical  miles. 

052  ■ Offset  of  final  course,  nautical  miles. 

Positive  COTAD  represents  a "TO"  indication. 

Negative  COTAD  represents  a "FROM"  indication. 

Positive  values  are  to  right  for  ^ , 0S1,  0S2. 

Negative  values  are  to  left  for  V t OSl,  0S2. 

When  y and  OSl  are  both  in  the  same  direction  (both  left  or  both  right),  the 
value  of  intersection  displacement,  C,  will  be  positive,  and  will  add  to  the 
TAD  value,  as  shown  in  FIGURE  2. 
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The  conputation  of  NOTAD  remains  the  same  as  previously  developed, 
except  that  the  value  of  COTAD  is  calculated  using  the  above  expression 
for  the  particular  case  of  equal  offsets.  The  resulting  values  of  COTAD 
and  NOTAD  are  listed  in  Tables  2 through  5 for  various  turn  angles  and 
airspeeds. 


As.  OS.A/'Si/Ht.  . 

5-  OS-l/TAMT  /v  COTAO  =TA D<-  C 


; A - n 1 :WHERH  c IS  A ' 

-(OS.-J/iWyCoSl/TANV) — POSITIVE  NO.  — 

W.Rl  WAYPOINT  N OTA 0 r -VlcoTA DJ*+(OS.l Jj* 

O.WJ?: OFFSET.  WAYPOINT  

tad{v(kt.)/is8.*8)tanI'0I 

- EXCOR£UA-2 . -SAME— (TMSIDE)  TUBS— LEFT  OgTSEXyUgl  TURK — 

A-6  - ' 


i 


I 


When  p and  0S1  ere  opposite  (one  left  and  one  right)  the  value  of  C will 
be  negative,  and  will  subtract  from  TAD,  as  shown  in  Figure  3. 

B.  NOTAD  (Non -Centered -Needle  Offset  Turn  Anticipation  Distance): 

With  RNAV  equipment  that  has  no  provision  for  offset  computations, 
an  offset  course  must  be  flown  with  an  off-center  CDI  needle  displacement 
equal  to  the  desired  offset.  Distance-to-waypoint  indications  represent 
distances  relative  to  the  basic  waypoint. 

Although  the  geometry  of  the  turn  remains  the  same  as  for  the  COTAD 
case,  all  distance  measurements  of  turn  anticipation  must  be  made  in 
relation  to  the  basic  waypoint.  As  shown  by  the  derivations  of  Figures  2 
and  3,  NOTAD  is  simply  the  hypotenuse  of  a triangle  whose  sides  are  COTAD 
and  0S1.  This  may  be  expressed  as: 


NOTAD  - 1 \/( COTAD)  1 ♦ (OS1) 


Where  the  sign  of  NOTAD  is  the  same  as  that  of  COTAD. 
NOTAD  is  "TO"  for  positive  COTAD. 

NOTAD  is  "FROM"  for  negative  COTAD. 

C.  PARTICULAR  CASE  OF  EOUAL  OFFSETS: 


When  the  initial  and  final  offset  distances,  0S1  and  0S2,  are  the 
same,  the  general  expression  for  COTAD  reduces  to  the  following  relation: 


COTAD  ■ 


V 

TSOTT 


OS  tan 


r 


Where:  COTAD  ■ Distance  from  offset  waypoint,  nautical  miles. 

V » True  airspeed,  knots. 

■ Angle  of  course  change. 

OS  ■ Offset  magnitude,  nautical  miles. 

Positive  COTAD  represents  a "TO"  indication. 

Negative  COTAD  represents  a "FROM"  indication. 

For  Y and  OS,  positive  values  are  to  the  right,  negative  values  to 

the  left. 

When  ^and  OS  are  the  same  direction,  C is  added  to  TAD.  When 
opposite,  C is  subtracted  from  TAD. 
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FIGURE  A-3 
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COTAD,  INSIDE  (SAME)  TURN -RIGHT  OFFSET,  RIGHT  TURN  OR  LEFT  OFFSET,  LEFT  TURN 
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TABLE  A-2.  COTAD,  ^NSIDE  (SAME)  TURN  - RIGHT  OFFSET,  RIGHT  TURN  OR  LEFT  OFFSET,  LEFT  TURN  (CONTINUED) 
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TABLE  A-3.  COTAD,  OUTSIDE  (OPPOSITE)  TURN  - RIGHT  OFFSET,  LEFT  TURN  OR  LEFT  OFFSET,  RIGHT  TURN  (CONTINUED) 
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NOTAD,  INSIDE  (SAME)  TURN  - RIGHT  OFFSET,  RIGHT  TURN  OR  LEFT  OFFSET,  LEFT  TURN 
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TABLE  A-4.  NOT AD,  INSIDE  (SAME)  TURN  - RIGHT  OFFSET,  RIGHT  TURN  OR  LEFT  OFFSET,  LEFT  TURN  (CONTINUED) 


HflOinOOnvOfSN 

OcMinoi'^r'.cvi*^ 


nr'innCT'^ooto 

vOiftO'OCMift'JN 

ON^HCDOOmvO 

miniOyO'ONO'H 


nmvocoooo'flON 

ON'JOMnniri'j 

vf'jvf'jmvofsoN 


^ h *j  in 
mcN*— <mr^inr-(cn 
ONin^m<frNi£i 


c/5 

H 

hJ 

s 

m 

o 

H co 

• 

W 

CO 

ro 

to 

to 

O 

00  H fs  vO  vO  iO  N 
H ^ fN  (SJ  (7\  o <r 


nfOfon^'jmN 


w 

w 


H c~i 

w 

S2 

U- 

o 


NHO'COvOO''jr' 

>jO'noN'joo'f 

o*H<roomooso 

(nntnrO'jinvON 


r>.fHir»aNmooo>a' 
n in  <n  (\  iO  n in 
OHn-oomn^ 
• •*••••• 
cN<N<MCMcom<rm 


ONflOoNinvONrv 
•^lOvOvCOOiAiOvO 
OH(n'00'0«jvo 
• •••  •••• 
cncnjcncsi  m m <r  m 


mo\Ncon>oNH 

fONOOOQO'fOfO 

OHNmwHNin 

HHr(HH(S(NPn 


'Oonn'j  h h vo  n 
n«JHmN0"0O 
OHnmooNOON 

HHHHHNMfO 


vOOvOflOf'lO'rscO 

fyHM^HO'Nin 

• ••••••• 

OOOHNfOma\ 


couor^ONr^vOcNCN 
fO  fO  H O'  H fO  N 
OrHcnmovomo 

irunmiO'O^NO' 

I 


sj-o  VO  «0  o >C  ^ N 

NOn<f\ONfOvO 

OHCN-^NfNJO'O 

i l i l i l l i 


>^cooor\sor^or>* 
NO  HOvON  r>-  <J\ 
OWNfnNvOvOCO 
•*•••••• 

ooo  HNni^co 


H CO  M H n N O'  O' 

MnONN'O'OO 
OHcomo'ifl'JO' 
• ••••••• 

i i l i l l i i 


n^HONODn'O 
NO'Mf'jHlOCOH 
OOM'JNHCOO' 
• ••••••• 

I i I i i I i i 


N'0'Joovm<tH 

r^o'O'HHinvc^ 

ONsoniNimriN 

oooHNmmoo 


ONNinCOO'N® 

fO(NM«ONO"OiO 

OHNmo'^nN 

lAlOt/^iT|iri»£)N® 

I I I I I I I I 


N®oo'NO'n® 
OOCMPOvOOr^r» 
• ••••••• 

I I I I I I I I 


sOsOvOsOvOO\Om 

»HvOvr>axO'HOr>. 

oo«H<Ninoomo 

• ••••••• 

fOrornror^rn-Oi/x 
I I I I I l l l 


wnwo'NHimn 
Of'INsJinNNO' 
000rHCN<Tx£30 
• ••••••• 

CNCNCNCNCNCNCNCO 
I I I I I I I I 


oOHNtnvoo® 

OOOOOOiHrH 


HvO'JN'Omorj 
OO  HN»J  NNO' 
••*••••• 
nnnnnn'}^ 
i l i l i l I l 


NBNWrlNmN 

OCNxOC\|CNv£>OOin 

OOO«HfMP0m0N 

•••••••• 

CNCS<NCN<NC4<MCN 

I I I I I I I I 


HtN'OHO'Plinifl 

OOO»Hr-»c0m0x 

oooooooo 


I I I I I I I I 


rtmON>4(NvO«J 

Hinn^CNOxO® 

OOHcN'J'OHN 

mmcncnmco-o-vo- 
I i I i l i i i 


v£)  *0  B » vO  ® O 

SCN  m o oo  o O <N 
O O I-H  »H  CO  m 00 
• ••••••• 

<NCNCN<N<N<N<NCN 

I I I I I I I I 


OHC'JSJNHO'«0 

OOOOOrHi-HCO 

oooooooo 


w w 

Sds 


o m q uo  o m o 

® ^ ® N O'  O CM 


a 

as 

O o uoomomouoo 

^ W Hn-J'ONO'O^ 


momomomo 

HM'J'CNO'ON 


TABLE  A-5.  NOTAD,  OUTSIDE  (OPPOSITE)  TURN  - RIGHT  OFFSET,  LEFT  TURN  OR  LEFT  OFFSET,  RIGHT  TURN  (CONTINUED) 
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